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Abstract 
The use of segmentation or fragmentation to produce new materials and structures with 
exceptional performance has recently gained worldwide interest. As a potent tool for 
developing fragmented materials and structures, the concept of topological interlocking has 
become increasingly popular, in which the elements are held together without any binder or 
connectors. This means that the elements are designed with a special shape and arranged in 
such a way that the whole structure can be held together by a global peripheral constraint. 
The kinematic constraints introduced by the shape and the mutual arrangement of the 
elements could keep the elements in place. In essence, by using the topological interlocking, 
the fragmented structures are expected to have a combined structural flexibility, better 
tolerance to local failures, enhanced crack propagation resistance and improved structural 
stability against missing elements. 
At present, very limited research has been reported on the investigation of dynamic behaviour 
of interlocking structures. In this study, a new design of interlocking brick has been 
developed, in which the curved surfaces of the same profile on all sides of the interlocking 
brick could generate a symmetrical in-plane behaviour of the assembly plate in two principal 
directions, and prvode excellent out-of-plane deformance resistance. Then the dynamic 
performance of the new brick has been investigated by conducting the drop-weight impact 
tests on both monolithic concrete plate and plate-like assemblies. Compared to monolithic 
plates, the dynamic behaviour of the new interlocking assembly plates has been significantly 
improved in terms of structural integrity, impact energy absorption capacity and crack 
distribution. A 3D finite element model has also been developed for predicting the responses 
of plate-like assemblies subjected to impact loads. A comparative study between the new 
ix 
 
 
 
interlocking brick and the existing osteomorphic brick has been conducted using the validated 
finite element model. Compared to the existing osteomorphic brick, the new interlocking 
brick has shown to have much more uniform load, stress and deformation distributions during 
the impact. The effect of different levels of confining load on the energy absorption capacity 
of the assembly plate has been investigated as well. Additionally, the mechanical response of 
a hybrid structure, consisted of the new interlocking bricks and rubber as filler between the 
bricks, has been studied. The hybrid structure showed much more flexibility without local 
failure compared to the simple assembly plate made of interlocking bricks only. 
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Chapter 1: Introduction 
1.1. Background 
In the past decades, the use of segmentation and fragmentation to produce new materials and 
structures with outstanding performance has gained worldwide interest [1-3]. Topological 
interlocking is a potent tool for developing fragmented materials and structures. The principle 
of topological interlocking is to create structures using elements with special shapes, which 
can be held together through kinematic constraint without any binder or connectors [4-11]. 
The concept of topological interlocking has been used as an effective way to design new 
materials and structures [12-14].  
By using topological interlocking techniques, the structures have a number of advantages, 
such as increased structural flexibility, better local failure tolerance, enhanced crack 
propagation resistance and improved structural integrity [8].They are expected to have 
capability of resisting out-of-plane bending, avoiding failure under high amplitude vibrations 
and dissipating energy. The application of topological interlocking concept in structural 
design and construction can be traced back to the self-aligning ancient Inca structures, in 
which the stability of the assemblies has been achieved without using mortar or additional 
joints. These fragmented structures have shown high seismic resistance by distributing loads 
through the interlocking structure. Some of them are still in good conditions as of today [14]. 
Concrete is one of the most commonly used construction materials due to its high 
compressive strength, good durability, excellent thermal mass and great constructional 
flexibility. A major difficulty in the application of concrete is its relatively low fracture 
tolerance in tension, leading to low resistance and flexibility against out-of-plane loading. 
Also, in concrete and other brittle materials, cracks propagate at high speed when the stress 
exceeds the fracture strength, which leads to a sudden failure of components. A number of 
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technologies have been developed to enhance fracture resistance and flexibility of these 
brittle materials, such as grain refinement, addition of fibres or particles, and reinforcement 
with a second phase [10]. One method to overcome the low fracture toughness is the use of 
segmented structures, instead of monolithic ones. The segments can be held together by 
binder, keys and connectors, or by special geometry and arrangement of the segments. A 
crack within a particular segment may propagate into the neighbouring segments through the 
boundary if a binder phase is used, but it can be confined within the segment if the 
connection is purely based on mechanical interlocking [10]. Also, dissimilar materials can be 
used for different segments, creating hybrid structures [8, 15]. Furthermore, the interlocking 
principle makes it possible to assemble a structure using smaller blocks, reducing the risk of 
failure due to critical defects [5]. 
Over the last decades, extensive research has been conducted on the development and 
application of topological interlocking techniques in structures. One type of interlocking 
brick has been reported in 2003 by Dyskin et al. [6], named “osteomorphic” brick. The 
osteomorphic brick is a block with bone-like shape. It has matching concavo–convex 
surfaces. In the osteomorphic brick, the interlocking features are achieved through a pair of 
curved faces. Each face prevents the out-of-plane displacement along either direction normal 
to the assembly plate [4]. The surface profile of this brick was defined by using a set of 
simple rules and by means of a mathematical formula to guarantee the topological 
interlocking property [10]. As this brick still has a pair of flat side surfaces which do not offer 
interlocking feature, it is highly possible that the energy absorption capacity and shock 
resisting capability could be significantly increased if all side surfaces are made curved and 
interlocked. 
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1.2. Research Objectives 
The main objective of this study is to propose a new design of interlocking brick which can 
offer constraints in two planar directions. The new bricks are then employed to construct 
plate-like assemblies. The effect of topology on the structural behaviour of the new 
interlocking assembly is investigated, including load bearing capacity, energy absorption 
capability, and structural stability and integrity under both static and dynamic loads. Another 
objective of this study is to investigate the performance of hybrid structures made of two 
different materials: concrete for the new interlocking brick, and rubber as filer between the 
bricks. Flexibility, tolerance to local failure, energy absorption capability and overall stability 
of the hybrid structure are studied. 
The specific tasks of this study are as follows:  
1. In order to obtain better out-of-plane movement resistance, symmetrical in-plane 
behaviour and equal mechanical performance on both sides, a new design of 
topologically interlocking brick shall have different characteristics from the existing 
designs, including a better topological interface arrangement and similar patterns on 
both sides; 
2. To construct plate-like assembly using the new topological interlocking brick, and to  
investigate the structural performance of the new interlocking assembly under 
dynamic loads;  
3. To develop a 3D finite element model which could accurately predict the structural 
behaviour of interlocking structures under various loading conditions. To carry out a 
comparative study on the monolithic structure and the new and existing interlocking 
designs using the validated numerical model.  
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4. To study the performance of hybrid structures made of different materials, in 
particular the effect of introducing soft interface in between interlocking concrete 
bricks.  
1.3. Research Questions 
To achieve the objectives stated in Section 1.2, the following research questions are 
addressed: 
1. How to design a new interlocking brick, and what features should be included? 
2. What are the performances of interlocking structures under impact loads, such as 
deformation, energy absorption and structural flexibility? 
3. What is the effect of lateral confining stress on the structural behaviours? 
4.  How to establish a numerical model which can simulate the dynamic and static 
behaviours of interlocking structures? 
5. In terms of out-of-plane behaviour, what are the differences between the new design 
interlocking structure and the existing design and the monolithic plate? 
6. How can the structural behaviour be improved by hybrid interlocking structure with 
soft interfaces?  
1.4. Thesis Outline 
To address the research questions and achieve the proposed research goals, this thesis is 
structured as follows. 
Chapter 2 provides a detailed literature review of the existing interlocking structures. Both 
experimental and numerical studies on the interlocking structures are discussed. The 
applications of these structures in previous research are also presented.   
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Chapter 3 proposes a new type of interlocking brick with curved surfaces of the same shape 
in all sides. By doing so, the assembly plate made of the new interlocking bricks would have 
symmetrical in-plane behaviour in two principal directions. The dynamic structural behaviour 
of the assembly plates made of the new interlocking bricks is investigated through a series of 
drop weight tests. The effects of different levels of impact force and lateral confining load on 
the structural performance are also studied. 
Chapter 4 presents an extensive numerical study on the impact behaviour of plate-like 
assemblies made of interlocking concrete bricks. The impact responses of both monolithic 
and assembly plates are investigated, and the numerical model is validated by comparing the 
predicted results with the experimental data presented in Chapter 3. A comparative study is 
also carried out on the assembly plates made of two types of interlocking bricks, including 
the existing osteomorphic brick and the newly designed interlocking brick. 
Chapter 5 investigates the performance of a hybrid interlocking structure with soft interfaces 
between its elements under quasi-static loads. Rubber is used as filler to create the soft 
interface. The hybrid structure is demonstrated to have more flexibility, better energy 
absorption capacity and less damage compared to the assembly plate without soft interface.    
Chapter 6 summaries the major findings of this study followed by recommendations for 
future research directions.  
1.5. References 
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Chapter 1                                                                                                                                                              7 
 
 
[5] A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, Toughening by Fragmentation—
How Topology Helps, Advanced Engineering Materials, 3 (2001) 885-888. 
[6] A.V. Dyskin, Y. Estrin, E. Pasternak, H.C. Khor, A.J. Kanel-Belov, Fracture Resistant 
Structures Based on Topological Interlocking with Non-planar Contacts, Advanced 
Engineering Materials, 5 (2003) 116-119. 
[7] A.V. Dyskin, Y. Estrin, E. Pasternak, H.C. Khor, A.J. Kanel-Belov, The principle of 
topological interlocking in extraterrestrial construction, Acta Astronautica, 57 (2005) 10-21. 
[8] Y. Estrin, A.V. Dyskin, E. Pasternak, Topological interlocking as a material design 
concept, Materials Science and Engineering: C, 31 (2011) 1189-1194. 
[9] H.C. Khor, A.V. Dyskin, E. Pasternak, Y. Estrin, A.J. Kanel-Belov, Integrity and fracture 
of plate-like assemblies of topologically interlocked elements, Structural Integrity and 
Fracture. Swets & Zeitlinger, Lisse, (2002) 449-456. 
[10] T. Krause, A. Molotnikov, M. Carlesso, J. Rente, K. Rezwan, Y. Estrin, D. Koch, 
Mechanical Properties of Topologically Interlocked Structures with Elements Produced by 
Freeze Gelation of Ceramic Slurries, Advanced Engineering Materials, 14 (2012) 335-341. 
[11] A. Molotnikov, Y. Estrin, A.V. Dyskin, E. Pasternak, A.J. Kanel-Belov, Percolation 
mechanism of failure of a planar assembly of interlocked osteomorphic elements, 
Engineering Fracture Mechanics, 74 (2007) 1222-1232. 
[12] L. Djumas, A. Molotnikov, G.P. Simon, Y. Estrin, Enhanced Mechanical Performance 
of Bio-Inspired Hybrid Structures Utilising Topological Interlocking Geometry, Scientific 
Reports, 6 (2016) 26706. 
[13] A. Molotnikov, R. Gerbrand, O. Bouaziz, Y. Estrin, Sandwich Panels with a Core 
Segmented into Topologically Interlocked Elements, Advanced Engineering Materials, 15 
(2013) 728-731. 
[14] M. Weizmann, O. Amir, Y.J. Grobman, Topological interlocking in buildings: A case 
for the design and construction of floors, Automation in Construction, (2016). 
[15] M.F. Ashby, Y.J.M. Bréchet, Designing hybrid materials, Acta Materialia, 51 (2003) 
5801-5821. 
Chapter 2                                                                                                                                                              8 
 
 
 
 
  
 
CHAPTER 2 
 
 
LITERATURE REVIEW 
 
Chapter 2                                                                                                                                                              9 
 
 
Chapter 2: Literature Review 
2.1. Concept of topological interlocking 
Topological interlocking is a special design technique which could be used to develop new 
materials and structures with improved performances. The principle of topological 
interlocking is based on segmenting a monolithic material or structure into a number of 
elements which are engineered in such a way that the whole structure can be held together by 
virtue of the elements’ special shapes, topologies and arrangements. Also, by using the 
topological interlocking, binder and connectors are not necessary anymore [1]. In the new 
structures made of interlocking elements, the movements of the elements are constrained by 
their neighbouring elements through interfaces. These structures can carry transverse loads 
provided that lateral constraints are applied to the assemblies. As the neighbouring elements 
are insufficient to lock in the elements situated at the edges, lateral constraints are necessary 
for the assembly structures [2].  
In the past decades, several types of interlocking bricks have been reported. A concept of 
interlocking brick with concavo-convex surfaces was proposed by Robson in 1975 [3]. The 
element was constrained by six neighbours through matching concavo-convex and planar 
interfaces, so that the movement of the element was prevented. This structure showed 
resemblance with masonry stonewalls, often found in a herringbone pattern. However, this 
concept did not lead to mass production due to the high cost and the difficulties in 
manufacturing complex shapes in the early 1970s [4]. In 1984, Glickman developed an 
interlocking assembly using convex polyhedral elements [5]. Later, a similar plate-like 
assembly made of interlocked tetrahedral was proposed by Dyskin et al. in 2001 [1, 6]. An 
alternative concept of topological interlocking was introduced by Dyskin and co-workers [7, 
8], in which the geometry of the element surface can be designed to provide kinematic 
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constraints so that binder and connectors are not required in the assembly structures. It was 
found that all platonic bodies (tetrahedrons, hexahedrons/ cubes, octahedrons, 
dodecahedrons, icosahedrons) could be used to form assembly structures, in which no 
element can be removed without causing damage to the structure [6, 8].  
2.1.1. Mortarless structures 
Nowadays, the centuries-old method for assembling structures from building blocks is still 
used in the modern constructions, such as the brick-and-mortar construction. In the mortarless 
structures, the assembly of blocks (e.g., [9-12] ) strongly relies on various keys and 
connectors which could prevent sliding of building blocks as well as reduce crack 
propagation. However, keys and connectors may also cause stress concentration. Also, due to 
the low tensile strength of mortar and connectors, the structures could not benefit from them 
in resisting tensile force [13]. In addition, mortar and connectors make the structure stiffer, 
which reduces the structural resistance to vibrations and seismicity. On the other hand, if the 
binder is strong, it would provide a medium that can easily transmit cracks from one element 
to another, and hence reduces the fracture toughness. Therefore, it would be beneficial if the 
binder is weak or even absent altogether [14]. In fact, several types of well-known mortarless 
structures, whose blocks are allowed to have a certain degree of relative movements, have 
survived for centuries even in seismic zones, such as the dry stone walls [15] and the classical 
temples (e.g. [16]). In these structures, the movements of the blocks would dissipate the 
vibration energy, contributing to the longevity of these structures. However, these structures 
are purely relying on the weight and friction to keep the blocks in place [13].  
Topologically interlocked material (TIM) systems are load-carrying assemblies made of unit 
elements interacting through contact and friction. TIM assemblies have emerged as a class of 
architectured materials with mechanical properties not ordinarily found in monolithic solids. 
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The principle of topological interlocking has provided a systematic method for designing new 
interlocking shapes [17]. Recently, the principle of topological interlocking has been 
introduced [1, 6-8, 14, 18-21] with a potential to build mortarless structures whose elements 
are prevented from being fully extracted from the structure, while allowing some degree of 
relative movements. Topological interlocking is a method to design the building elements 
with special shapes and the corresponding topologies of their assemblies such that no internal 
block can be removed from the assembly held by kinematic constraints imposed by its 
neighbours. In Goodman and Shi’s [22] terminology, these are structures without key blocks. 
Only the blocks on the periphery of the structure need to be constrained independently. In 
engineering construction, this can be accomplished either by the weight of surcharge (or their 
own weight) or using constraining frames and pre-tensioned tendons and cables. Topological 
interlocking not only provides structural integrity, but also permits some restricted 
movements of the assembling blocks. By using topological interlocking, cracking does not 
occur during high amplitude vibrations (e.g. seismic vibrations and impact), and the vibration 
energy is dissipated due to the friction between the moving surfaces. The topological 
interlocking bricks have various shapes, including convex polyhedral bricks, such as 
tetrahedron, cube, octahedron, dodecahedron and icosahedron (Figure  2-1) [23-25], as well as 
blocks with specially engineered shapes, such as osteomorphic blocks [8] (Figure  2-2). The 
latter is especially attractive as it allows assembling of 2D and 3D structures without gaps 
(Figure  2-3).  
2.1.2. Types of interlockable elements 
At present, there are two families of interlockable blocks, which are convex polyhedral 
elements (Figure ‎2-1) and elements with non-planar surfaces (Figure  2-2). Dyskin and co-
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workers investigated the first family, covering all platonic bodies (tetrahedron, cube, 
octahedron, dodecahedron, and icosahedron) and their derivatives [8, 19].  
 
Figure  2-1- Polyhedral interlocked elements; (a) interlocked tetrahedral (b) interlocked 
octahedral (c) interlocked cubes. 
The second family of interlockable blocks utilizes matching concavo–convex surfaces. One 
example is the ‘osteomorphic block’ as shown in Figure  2-2. The term ‘osteomorphic’ refers 
to the bone-like shape of the block [25], which utilizes matching concavo–convex surfaces. 
As shown in Figure  2-2, the osteomorphic block has four planar surfaces and two non-planar 
surfaces at opposing sides. The two concavo-convex surfaces of the osteomorphic block are 
described by the following equations [26]:  
hyxhyxz  )()(),(1    ( 2-1) 
hyaxhyxz  )()(),(2   ( 2-2) 
1)(2)( 2224   axaxf  ( 2-3) 
with 
4
,
4
3
a
h
a
h  . The osteomorphic blocks can readily be assembled to a plate 
(Figure  2-3a) and a corner structure (Figure  2-3b). With some modifications, they can also be 
used to construct more complex structures. The out-of-plane movement resistance of the 
assemblies made of osteomorphic blocks is provided by the protrusion region of the 
neighbouring osteomorphic blocks. As the topological interlocking is purely based on 
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geometrical principle, there are no limitations on the choice of material and size of building 
blocks.  
 
Figure  2-2- Geometrical characteristics of the osteomorphic block 
2.2. Structures made of interlocking elements and their properties 
As aforementioned, osteomorphic blocks can be assembled into three basic structure types: a 
plate-like assembly, a corner structure and a column (Figure  2-3). They have potential to be 
applied to meet various construction needs, such as walls, roofs and foundations. The 
superior characteristics of the osteomorphic block are discussed in this section.  
 
Figure  2-3- Assembling interlocking blocks to a (a) planar structure; (b) corner; (c) column 
[17, 19]. 
2.2.1. Fracture resistance 
The interfaces between the blocks can prevent fracture from spreading throughout the 
interlocked assembly structure [14, 18, 26]. In the interlocked assembly structure, crack 
propagation may occur depending upon the magnitude of compression created by the 
constraint and the amount of friction at the interfaces between the blocks [27]. The interfaces 
between the blocks increase the length and waviness of the crack path, causing increased 
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energy dissipation required for fracture propagation. As a result, the cracks are localized 
within separate blocks, rather than developing to a catastrophic disintegration [17].  
2.2.2. Resistance to block removal 
Topological interlocking could provide high resistance to the removal of the blocks, and 
maintain structural integrity. The assembly made of osteomorphic blocks could preserve its 
load bearing capacity even when some blocks are missing [14]. A computer simulation 
conducted by Molotnikov et al. [20] showed that, with random failure of blocks, the 
interlocking plate-like assembly made of osteomorphic blocks could stand without collapse 
even when 25% of the blocks failed.  
2.2.3. Flexibility 
Interlocking plates offer higher flexibility compared to monolithic plates and plate-like 
structures made of traditional bricks and mortar [14]. This is attributed to the absence of the 
binder phase. The increased flexibility results from two factors:  
1) Reduction in the in-plane elastic modulus associated with the presence of interfaces;  
2) Reduction in bending resistance due to relative movement of elements, causing partial 
contact loss at the interface during bending.  
2.2.4. Mobility and reparability 
Topological interlocking offers a unique possibility of reinstallation and therefore movable 
structures. Once the constraints are removed, the whole interlocking structure can be 
disassembled and moved to another place, and then reassembled. After disassembling, all 
damaged blocks can be easily replaced or repaired. It should be noted that repair of a block 
involves disassembling a part of the structure in order to access the block. Alternatively, it 
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may be possible to develop a procedure to repair damaged blocks in situ, for instance, by 
using special glues and fillers [17].  
2.2.5. Negative stiffness 
As the elements in the interlocking structures are not connected to each other mechanically, 
they retain the degrees of freedom associated with the movement of a solid body: three 
translational and three rotational ones. When the elements are assembled in an interlocking 
structure, their degrees of freedom become interdependent, owing to their non-round shape 
and to interlocking. One can expect that this interdependence may lead to unusual mechanical 
properties, in particular when a load is applied. In a point loading test conducted by Estrin et 
al. [7],  an anomaly was found in the behaviour of assemblies made of interlocked cubes 
during the unloading phase. The assemblies behaved pseudo-plastically under point loading, 
whereas negative stiffness was observed in part of the unloading curve. This was attributed to 
the change in contact conditions due to rotation of the elements. 
2.3. Manufacture and Mechanics of Topologically Interlocked Material Assemblies 
In this section, several methods for the manufacturing of topologically interlocked materials 
(TIMs) are firstly reviewed, and followed by the mechanical properties of TIMs. 
2.3.1. Methods for Manufacture of TIMs  
The architectured material or structure systems are made by either the assembly of unit 
elements (bottom-up process) or by the segmentation of an existing monolithic solid (top-
down process). The unit elements in the TIM systems interact with each other by contact and 
friction, without any adhesive bonding between unit elements. The manufacturing methods 
described in this section are grouped into bottom-up methods (assembly methods and 3D 
printing) and top-down methods (segmentation).  
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2.3.1.1) Assembly. For manufacturing of TIMs by assembly, the starting point is a mass 
production of unit elements. The unit elements can be produced by a range of methods, 
including conventional computer numerical control (CNC) machining, casting [4] and 
additive manufacturing [28]. Since the topological interlocking geometry introduces 
additional constraints in the TIM systems, there is no need to restrict considerations to the 
rigid scaffolds which is common in the construction of systems with discrete nature, i.e. 
arches and dome structures where self-weight is a central feature. Three basic approaches for 
assembling structures are discussed in the following sections. 
2.3.1.1.1) Directional Pick-and-Place. In this method, machine tools are used to place 
individual parts at predefined locations. In the common segmented structures, the individual 
elements are able to move in the orthogonal direction to the assembly plane, and they do not 
restrict each other. For TIM systems, this basic pick-and-place approach is not suitable due to 
additional constraints of the topological interlocking geometry of the unit elements [29]. For 
TIM assembly, unit elements need to be arranged in the particular place and specific 
orientation. Indeed, unit elements need not only be placed in the assembly plane, but also that 
the directed motion of the unit elements in the assembly plane is necessary to achieve the 
topological interlocking geometry. As can be seen in Figure  2-4, tetrahedral elements are 
placed with two edges orthogonal to each other and aligned with the assembly plane. 
 
Figure  2-4- Example of a TIM system made of tetrahedral unit elements [30]. 
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2.3.1.1.2) Parallel Assembly. As described in Section 1.1, in the pick-and-place methods, the 
exact positioning of individual unit elements and the directed motion of unit elements along 
specific paths are required. These limitations can be removed if a deformable scaffold is 
considered. The concept of the parallel assembly is that a basic pick-and-place operation onto 
a rectangular template, in which no interlocking of unit elements is yet present, would be 
accomplished. In this method, unit elements are positioned on the scaffold following the 
template pattern in the open state of the scaffold without the need for exact positioning. 
Subsequently, interlocking is achieved simultaneously for all unit elements in the TIM 
assembly by closing the scaffold [29]. 
2.3.1.1.3) Self-assembly. Generally speaking, self-assembly makes an organized structure 
from a disordered system of pre-existing components through local interactions among the 
components themselves, without external direction. Golosovsky et al. [31] and Grzybowski et 
al. [32] presented several types of self-assembly of millimetre-sized particles without 
considering topological interlocking geometries. In the self-assembly method, surface tension 
and other interactions have to overcome inertia effects. However, in large scales, these forces 
are not strong enough to overcome the inertia effects. In this case, magnetic forces are ideal 
to be used for self-assembly in large scales. In addition, mobility needs to be imparted on the 
unit elements considered for self-assembly. A self-assembly process enabled by a liquid 
scaffold is a relevant approach [29]. In the research reported by Siegmund et al. [29], a 
specific self-assembly process involved tetrahedral elements packing at the interface between 
liquid and air to form a dense planar. Self-assembly of tetrahedrons would perform by using 
four small magnets placed at the centroid position of each tetrahedron facet. Floating of 
tetrahedra to be positioned is required such that one edge is parallel to the bottom of the fluid 
container. Figure  2-5 shows a tetrahedron used in such self-assembly process and a self-
assembled TIM. 
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Figure  2-5- (a) Unit element with features for directional self-assembly at the air–fluid 
interface, (b) Self-assembled TIM [29]. 
 
2.3.1.2) Three-Dimensional Printing. Three-dimensional printing approach allows the 
integrated manufacturing of unit cells in the assembly at the final position together. 
Computer-aided design (CAD) software and scripting software are ideal tools for creating 
geometric models of TIM assembly and  generating input files for 3D print manufacturing 
[29]. 
2.3.1.3) Segmentation. In contrast to the “bottom-up” approach, TIM panels can be 
manufactured using “top-down” approach – segmentation method. In segmentation method, 
the borders of the elements are literally carved within a block of monolithic material [33]. 
This approach is advantageous because the elements are created in their final positions. Also, 
this approach can be implemented on final products or structures already in place. In this 
method, an appropriate technology, i.e. three-dimensional laser engraving, is required to 
separate the material along the specified surfaces inside the material [29].  
2.3.2. Characteristics of mechanical response  
So far, many studies have been conducted to investigate the mechanical characteristics and 
structural behaviour of assemblies with interlocking features, including assemblies made of 
tetrahedron, cube, octahedron, dodecahedron [6, 7, 18, 21, 28-30, 34, 35] and osteomorphic 
bricks [2, 17, 26, 36, 37]. For example, the assemblies made of topologically interlocked 
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cube-shaped elements were tested under point load (indentation test) in several studies [7, 21, 
34], where unusual negative stiffness was observed. A series of indentation tests were carried 
out on a type of plate-like assembly using interlocked tetrahedral bricks [30]. It was found 
that the tested plate could provide a desired out-of-plane stiffness and energy absorption 
characteristic. Since Dyskin et al. [8] proposed the concept of osteomorphic brick in 2003, 
various experiments were conducted to investigate the special characteristics of the structural 
components made of this brick. Moreover, a series of experimental studies were conducted 
on plate-like assemblies made of osteomorphic bricks  [2, 4, 14, 20, 26] to investigate the 
bending stiffness, load bearing capacity, energy absorption capacity, capability to prevent 
crack propagation, and the tolerance to missing blocks. Carlesso et al. [36] reported the sound 
absorption properties of the segmented structures using Dyskin’s brick in 2012. Sandwich 
panels with a core of osteomorphic bricks were investigated by Molotnikov in 2013 [37]. In 
2016, a study on the mechanical performance of hybrid material utilizing this topological 
interlocking geometry was conducted [38]. At present, most studies have been focused on the 
quasi-static performance of interlocking elements and very limited experiments and 
simulations have been carried out on the investigation of dynamic behaviour of these 
structures [39, 40]. In this section, the results obtained from the experimental tests for 
topological interlocking systems are discussed in three categories, including quasi-static 
loading, impact loading and active TIM systems. 
2.3.2.1) Quasi-static Loading. Figure  2-6 shows the results of the experimental test of a TIM 
system. The system was subjected to a quasi-static loading normal to the assembly plane 
under a fixed external confining load. A brittle glass plate as equivalent monolithic system 
was also tested. The monolithic glass plate failed in a brittle mode with extensive cracks 
throughout the plate. Whereas the TIM displayed a perfect force–deflection response [33]. 
Different from the sudden drop in the force-deflection response for the brittle monolithic 
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system, the force in the TIM increased and decreased smoothly with the applied deformation. 
The experiments demonstrated that no major cracks were visible in the TIM specimen [7, 33, 
41, 42]. In addition, in 2004, Estrin et al. [7] also studied the mechanical behaviour of an 
interlocked assembly plate made of cubes under unloading and partial unloading load paths, 
and a negative elastic modulus was found.  
 
Figure  2-6- Quasi-static force–deflection for the TIM assembly and comparison to a 
monolithic equivalent: (a) schematic of experiment, (b) failure pattern in monolithic glass and 
architectured glass, (c) force–displacement response measured for plain glass and 
architectured glass [33]. 
In order to further investigate the responses of TIMs to mechanical loads, several 
investigators utilised numerical simulation tools. To investigate the overall force-deflection 
response of a TIM, discrete element method (DEM) has been used by several researchers [41, 
43, 44]. In DEM, the interaction law between two unit elements is obtained from finite 
element modelling, and then, these interaction laws are implemented in the DEM 
computation. The overall force–deflection response would be captured by DEM 
computations. For example, Dugue et al. [41] used the discrete element code to simulate the 
interlocked structure made of cubic blocks in the indentation experiments. The mechanical 
behaviour of TIMs can also be simulated using the Finite Element Method (FEM). Schaare et 
al. [21] used this method to simulate the behaviour of an interlocked structure made of 
aluminium cubes, and Yong [45] modelled the structures made of osteomorphic blocks. 
Finite element simulations are more computationally costly than DEM when the numbers of 
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element become very large. However, FEM can provide information on the stress and strain 
fields in the unit elements, and failure criteria are able to be included in the simulation [21, 
28, 40, 41, 46, 47]. For example, Feng et al. [40] conducted finite element simulation to 
obtain the deformed shape and force-deflection data of an interlocked assembly plate made of 
tetrahedral elements. 
2.3.2.2) Impact Loading. When a structure is subjected to impact loading, the impact 
resistance, the damage tolerance and the residual velocity of the impactor (coefficient of 
restitution) are of concern. Mirkhalaf et al. [33] conducted a series impact experiments on 
glass-based systems. Their results demonstrated that, compared with the monolithic glass 
panel, the architectured TIM glass had better impact resistance and damage tolerance 
(Figure  2-7). TIM systems required higher impact energy to initiate failure, and they had a 
higher coefficient of restitution. For TIM, the damage was locally confined to the impact site. 
 
Figure  2-7- Impact characteristics for a glass-based TIM: (a) schematic of experimental 
setup, (b) failure pattern in plain glass and architectured glass [33]. 
2.3.2.3) Active TIM Systems. Confinement of TIM plays an important role in defining the 
mechanical response. Since there is no restriction on the external boundary, the mechanical 
response of TIMs can be actively controlled. In Ref. [30], the authors employed active and 
adaptive control of the external constraints to achieve variable stiffness, including negative 
stiffness. It was demonstrated that the active control was able to maintain a constant force 
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over a large range of transverse deflection. This feature is desirable for packaging and 
protection applications, where energy dissipation at a controlled load level is needed. 
In addition, the constraint can be changed in an autonomous way. In Ref. [2], the shape 
memory wires were embedded through channels in the unit elements and spanning between 
the rigid system boundaries. Figure  2-8 depicts the TIM embodiment with osteomorphic unit 
cells and shape memory alloy (SMA) wires. 
 
Figure  2-8- Control of mechanical response of a TIM by embedded SMA wires controlling 
the in-plane constraint: imposed transverse displacement, insert depicts the TIM system 
composed of osteomorphic bricks and the SMA wires in channels through the brick units [2]. 
2.4.  Applications of topologically interlocked structures  
2.4.1. Topological interlocking in buildings 
Different types of structural components can be made by topologically interlocked elements, 
such as those shown in Figure  2-3, including a plate-like assembly, a corner structure and a 
column. The plate-like assemblies made of topologically interlocked blocks can be used to 
construct flexible foundations. The interlocked foundations are not sensitive to the local 
reductions of the load bearing capacity of the ground, and thus efficiently spread the load 
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from the structure. In addition, the segmented foundations are permeable, which provide 
channels for dissipating excessive pore pressure, and thus reduce the risk of liquefaction. The 
permeability, flexibility and high fracture resistance of the interlocked foundations are 
important for seismic design. Similarly, interlocked bricks can be used in pavements, 
especially in the cases when local settlement is to be prevented. Pavements made of 
osteomorphic blocks are easy to deal with as the exposed surfaces of the blocks are flat. 
Whereas, for tetrahedral, cubic or octahedral blocks, truncation is required to provide flat 
working surface [3, 48]. Using topological interlocking in tiling for both protection and 
decoration is another possible application of TI assemblies. It is particularly attractive to use 
such tilings in heat shields [49], cladding of furnaces and other similar applications. 
In 2016, Weizmann et al. [35] examined the potential of using the concept of topological 
interlocking as a structural and organizational mechanism for buildings. They investigated 
different applications of topological interlocking systems in design and construction of floors. 
Figure  2-9 shows a floor covered by topological interlocking assembly with three different 
methods of assemblies. 
 
Figure  2-9- Assembly methods: a) assembly close to the final position — solid frame with 
topological interlocked elements; b) assembly close to the final position — flexible frame 
with topological interlocked elements; c) assembly in the final position — assembly on 
temporary scaffolding while using the building's structure as a frame [35]. 
Weizmann et al. [35] demonstrated that, by employing topological optimization methods, it 
will be possible to considerably decrease the weight of the elements, and thus increase the 
cost effectiveness of the system.  
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2.4.2.  Hybrid material 
Today, the growing demand of materials with improved performance has led to the 
development of research on the innovative material design. Hybrid materials have been 
demonstrated to be an appropriate answer to this demand. Variability of characteristics of a 
hybrid material is achieved by combining at least two materials with simultaneous shape and 
scale optimization, and the new material has attributes not offered by any one material alone 
[50, 51]. The components of a hybrid material are chosen with a predetermined geometry and 
scale, optimally serving a specific engineering purpose [52]. In 2003, Ashby and Bréchet 
presented ways of designing hybrid materials with emphasizing the choice of components, 
their shape and their scale [50]. In 2013, Ashby described the rationale for creating 
architectured materials and criteria for deciding which combinations and configurations show 
the most promise [51]. There are many examples of hybrid materials which have already 
been identified and studied, i.e. particulate and fibrous composites, sandwich structures, 
foams, lattice structures and more [50].  
New variables expand the design space and allow the creation of new materials with specific 
property profiles. Topological interlocking has been suggested as a novel method to create 
hybrid materials. It has already shown how subdivision and segmentation can affect the 
properties of the new materials. The mechanical properties of segmented structures can be 
improved by using topological interlocking elements as segments [7, 8, 18, 26, 36, 38, 50]. 
So far, many studies have been conducted to study the mechanical properties of different 
types of hybrid materials. However, very few studies have been reported on a hybrid material 
or structure made of topological interlocking elements. Combining the principle of 
topological interlocking with the concept of hybrid material design allows bringing the 
advantages of multiple materials in contributing to the advanced structural performance.  
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In 2013, Molotnikov et al. [37] presented a novel approach to designing lightweight sandwich 
structures by using an assembly of topologically interlocked building blocks as the core of the 
sandwich. The results from the three point bending tests showed that, by segmenting a 
monolithic sandwich core into an assembly of interlocked osteomorphic blocks, remarkable 
increases in the deflection at failure and energy absorption capability can be achieved. The 
concurrent reduction in flexural modulus was not exhibitive and could be considered as an 
acceptable trade-off in the overall balance of properties of the sandwich panels [37]. 
Figure  2-10 reveals the sandwich panel with an assembly of osteomorphic blocks as its core. 
 
Figure  2-10- Failure of the core of a sandwich panel [37]. 
In 2016, Djumas et al. [38] conducted a study to investigate the effect of topological 
interlocking of hard blocks on the mechanical performance of nacre-inspired materials. Their 
work showed that the mechanical performance of the composite structures was enhanced and 
the brittle failure of the elements was prevented. In their study, the hybrid structures 
(Figure  2-11) consisted of  hard blocks with intricate soft interfaces comprising 
approximately 13.5% by volume [38]. The focus of their study was on the shape of the stiff 
blocks in order to improve the mechanical performance of the assembly, therefore, the 
dimensions selected did not reflect the aspect ratios and stiff-to-soft volume fraction ratios in 
nacre. 
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Figure  2-11- Images of additively manufactured specimens used for mode I fracture testing. 
(a) Brick-and-mortar sample, representing a simplified nacre structure; (b,c) “hourglass” and 
“smooth honeycomb” samples [38]. 
2.4.3. Enhancement of sound absorption 
The concept of topological interlocking provides an interesting avenue for improving the 
sound absorption capabilities of materials. Carlesso et al. [36] presented a novel approach to 
combating noise pollution by segmenting monolithic plates into an assembly of topologically 
interlocked building blocks. The experimental results demonstrated a remarkable increase in 
the sound absorption coefficient compared to that of the original material. 
2.5. Different materials used in topologically interlocking elements 
An important aspect of producing topologically interlocking elements is the 
manufacturability of elements with complex geometries [4]. There are mainly two ways to 
achieve this purpose: casting in mould and 3D printing. In theory, there is no limitation on the 
selection of material [29]. Topologically interlocking elements can be made of different 
materials, e.g. metallic [21], ceramic [4, 53], polymeric [21, 28], ice [26], polyester casting 
resin [8, 14], glass [33], polyurethane [2], 3D printed polymer [38], etc.  
TIM assemblies emerge as a class of architectured materials with mechanical properties not 
ordinarily found in monolithic solids. For example, Dyskin et al. [8] studied the mechanical 
properties of a solid plate and a plate assembled from osteomorphic blocks, both of which 
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were cast using polyester casting resin Polylite 61-209. Concentrated loading tests were 
conducted on both plates. The assembly plate showed a much lower bending stiffness, 
markedly lower bearing capacity, high bending flexibility, significant irreversible deflection 
and ability to prevent crack propagation in comparison with the solid plate of the same size. 
Furthermore, the geometry and arrangement of the blocks in the assembly plate allow the 
assembly to keep its integrity even if some blocks are missing. Several studies have been 
done to compare the mechanical properties of interlocking assembly plate with the monolithic 
plate made of other materials (e.g. [2, 14, 33]). 
For example, ceramics is a material with high stiffness, strength and hardness, as well as 
good durability, particularly at high temperatures. However, the main drawback in the 
application of ceramic materials is their relatively low fracture toughness. The use of 
topologically interlocking structures is one way to overcome the low fracture toughness of 
ceramics [4]. 
2.6. Conclusions 
In this chapter, a detailed literature review of the existing interlocking structures, the 
fabrication methods and the associated mechanical properties are presented. Both 
experimental and numerical studies on the interlocking structures are discussed. Also, the 
applications of these structures in previous research are presented. Based on the review of the 
studies conducted on this subject, it is found that, despite the increasing research interest in 
topologically interlocking structures made of identical elements, only one type of non-planar 
interlocking brick (named osteomorphic brick) has been extensively studied so far with very 
limited investigation on their dynamic behaviour. Accordingly, the following knowledge gaps 
are identified for this subject. 
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1. Although extensive research has been conducted on osteomorphic brick, there is still 
much room to improve the structural performance by using other interlocking types. 
2. The strategy to generate different types of interlocking elements is currently not 
available. 
3. Very few experimental studies have been reported on the dynamic behaviour of 
interlocking structures. 
4. Very limited studies have been conducted on hybrid structures made of interlocking 
bricks. 
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EXPERIMENTAL STUDY ON IMPACT BEHAVIOUR OF PLATE-LIKE 
ASSEMBLIES MADE OF NEW INTERLOCKING BRICKS 
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Chapter 3: Experimental Study on Impact Behaviour of Plate-Like Assemblies Made of 
New Interlocking Bricks 
In this chapter a new type of interlocking brick is developed. The brick has a symmetrical 
geometry with four concavo-convex side surfaces for the interlocking purpose. The new 
bricks are fabricated and employed to construct plate-like assemblies. To investigate the 
mechanical response of the interlocking assembly plates, drop weight tests are conducted by 
applying different levels of impact force and lateral confining load. The results show that, 
compared with monolithic plates of the same concrete material, the new interlocking 
assembly plates exhibit significantly improved structural ductility and impact energy 
absorption capacity. The fracture of individual bricks during the impact process always 
occurs along a load transmission path that is determined by the geometrical constraints of the 
interlocking bricks. Most importantly, the interlocking design of the plate-like assembly can 
effectively prevent the propagation and spread of the cracks, so that the damage to a single 
brick will not lead to a catastrophic failure of the entire structure.     
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3.1. Introduction 
In the past decades, segmentation and fragmentation have been used to produce new 
materials and structures with outstanding performance [1-3]. A potent tool for developing 
fragmented materials and structures is topological interlocking. The principle of topological 
interlocking is to build structures with elements that are held together by kinematic constraint 
without using binder or connectors. It allows certain degrees of relative movement of the 
building elements [4-11]. To date, the concept of topological interlocking has been used as an 
effective way to design new materials and structures [12-14].  
As described in chapter 2, so far, many studies have been conducted to study the mechanical 
characteristics and structural behaviour of assemblies with interlocking features, including 
the assemblies made of tetrahedron, cube, octahedron, dodecahedron [5, 8, 14-20] and 
osteomorphic bricks [4, 13, 21-23]. However, most studies have been focused on the quasi-
static performance of interlocking elements. Very limited experiments and simulations have 
been carried out on the dynamic behaviour of such structures [24-26]. 
The shape of interlocking elements plays a significant role in determining the structural 
performance. However, limited topological elements have been reported, among which the 
“osteomorphic” brick proposed by Dyskin et al. [7] has been studied extensively. In this 
chapter, a new design of topological interlocking brick is proposed (Figure  3-1). Different 
from the concept proposed by Dyskin et al. [7] with two coupled interlocking surfaces, all the 
four side surfaces of the new design are interlocked, through which the loads can be 
transferred.  
In this chapter, the dynamic responses of the plate-like assemblies made of the new 
interlocking bricks under different impact loads are extensively studied. A series of low 
velocity impacts (below 10 m/s) are generated using drop hammers from various heights. The 
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potential applications of this new interlocking structure can be the roadside crash barrier, and 
the protective walls resisting the collision of flying fragments generated by explosion. In the 
present study, comparative studies are also conducted on the monolithic plate made of the 
same concrete material. The initial testing conditions, such as the boundary condition, the 
initial torque applied, the dropping mass and the structural dimensions, are identical to the 
plate-like assembly. In addition, the effect of the applied lateral constraints on the impact 
responses of assembly plate is investigated, including structural flexibility, overall resistance 
and energy dissipation. 
3.2. Material, geometry and fabrication of interlocking brick 
3.2.1. Concrete mix design 
In this study, concrete is mixed using Portland cement (500 kg/m
3
) with water/cement ratio of 
0.6. Sand with maximum grain size of 2 mm is used as the fine aggregate. 27 Cylindrical 
samples (50 mm in diameter and 100 mm in height) are made for characterisation of 
mechanical properties. 
The test results obtained from the quasi-static compression tests of concrete cylinders are 
listed in  
Table  3-1. The average weight of the specimens is 414.0 g, equivalent to a density of 2,110 
kg/m
3
. The average compressive strength (f’c) obtained from the quasi-static tests is 42.05 
MPa. This value has been normalised to 28.6 MPa by applying a conversion factor of 0.68 as 
suggested in [27] to consider the effects of shape and size of concrete samples on their 
compressive strength. 
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Figure  3-1- Geometrical characteristics of the proposed new interlocking brick [26]. 
 
Table  3-1 - Quasi-static compression test results. 
Gradient=0.36 (N/mm
2
)/Sec 
Specimen no. Weight(g) f'c (MPa) 
SP 1-1 412.1 37.96 
SP 1-2 409.5 35.82 
SP 1-3 413.8 30.83 
SP 2-1 407.9 47.82 
SP 2-2 406.2 41.95 
SP 2-3 406.0 42.48 
SP 3-1 413.2 46.15 
SP 3-2 413.2 49.25 
SP 3-3 417.5 48.23 
SP 4-1 412.8 37.93 
SP 4-2 413.0 46.23 
SP 4-3 412.8 37.61 
SP 5-1 420.6 50.56 
SP 5-2 420.1 51.42 
SP 5-3 421.1 43.01 
SP 6-1 417.0 40.72 
SP 6-2 412.2 41.88 
SP 6-3 413.4 42.27 
SP 7-1 415.1 41.11 
SP 7-2 414.0 43.59 
SP 7-3 411.6 37.25 
SP 8-1 408.8 38.46 
SP 8-2 412.0 34.06 
SP 8-3 406.8 38.00 
SP 9-1 422.7 41.36 
SP 9-2 423.5 45.57 
SP 9-3 422.1 43.70 
Average: 414.0 42.05 
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3.2.2. A new interlocking brick 
A new interlocking brick (shown in Figure  3-1) is designed by using two 2D elements as top 
and bottom surfaces with one rotating 90 degrees relative to the other. The new brick has a 
symmetrical geometry with four curved side surfaces. These curved surfaces assist to restrain 
the out-of-plane movements of the element itself and the neighbouring bricks. In the 
Cartesian coordinate system shown in Figure  3-1, the four curved surfaces are defined by the 
following four equations: 
f1: ;  (  ) ( 3-1) 
f2: ;  ( ) ( 3-2) 
f3: ;  ( ) ( 3-3) 
f4: ;  ( ) ( 3-4) 
where α is the counter-clock wise angle on x-y plane ranging from –π/4 to 7π/4. L and h are 
the length and height of the brick (Figure  3-1), L=2a and h=a. a is an arbitrary parameter 
which determines the overall dimension of the brick. In this work, a=25 mm and, therefore, 
L=50 mm and h=25 mm.  
3.2.3. Fabrication of interlocking brick 
In this research, the new interlocking bricks are firstly fabricated using 3D printing method 
(Figure  3-2a). The bricks produced in this way are neater than the concrete casting bricks. 
However, this method is not affordable for destructive testing. In order to achieve efficiency 
and cost effectiveness, in this study, a set of casting moulds are 3D printed by using stainless 
steel, which is capable of fabricating identical elements with surface profile defined by Eqs. 
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(1)-(4) (Figure  3-2b). By using this specially designed mould, four bricks could be cast 
simultaneously. Figure  3-2c shows the final products with the size of 50×50×25 mm3.  
 
Figure  3-2- (a) 3D printed interlocking ceramic bricks, (b) CAD model of casting mould and 
3D printed steel moulds with dimensions of 50×50×25 mm
3
, (c) casting, releasing and final 
products of interlocking bricks. 
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3D printed moulds are used to cast the bricks, which minimises the variations in the geometry 
of the bricks. 
3.3. Experimental setup and tests 
3.3.1. Test setup 
In this research, impact tests are conducted to investigate the dynamic responses of plate-like 
assemblies made of the newly developed interlocking bricks. The tests are carried out using a 
drop tower as shown in Figure  3-3a. A specially designed steel frame made of two angles is 
used to constrain the interlocking bricks (Figure  3-3b). The square specimen frame is made of 
steel plates of 5 mm thickness in flange and 10 mm thickness in web. The clear distance 
between the two flanges is 26 mm, allowing 1 mm gap between the assembly plate and the 
steel flanges (section A-A in Figure  3-3). The two angles can be fastened by bolts at the ends 
by applying different levels of torque (5 Nm, 10 Nm and 31.5 Nm), resulting in different 
lateral confining stresses on the assembly. To distribute and transfer the confining load 
uniformly in the peripheral edges of the assembly plate, soft material filler with 5 mm 
thickness is applied between the frame and specimen (Figure  3-4). As the soft filler is in a 
distance from the impact point, it has negligible influence on transferring the out-of-plane 
loads during the impact (mainly by the frame flanges). 
The test specimen is a square shaped assembly plate made of the new interlocking bricks as 
shown in Figure  3-4. The dimension of the specimen is 400×400×25 mm3. The assembly 
plate contains 49 bricks, 28 half bricks and 4 quarter bricks with a total mass of 
approximately 8 kg. In this study, the monolithic plates made of the same concrete material 
with the same dimension and a mass of 8.4 kg are also tested for comparison. 
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The specimen is then clamped on a supporting frame by 4 G-clamps with two on the front 
side and the other two on the back side (Figure  3-3a). The G-clamps are fully tightened in the 
experiments until no relative movements between the sample frame and the supporting frame 
is recorded by the high speed camera. The supporting frame (450×450×170 mm
3
) is made of 
steel plates of 10 mm thick, and the specimen frame is placed on the supports of 55 mm 
width (Figure  3-3b). The steel plates are welded to hollow cylinder tubes with 5 mm 
thickness at four corners. A Kistler load cell with the capacity of 100 kN for measuring axial 
loads is fixed on the operation table and holds the supporting frame through four bolts. A 
ball-ended indenter (25 mm in diameter) with the mass of 3.225 kg is dropped from different 
heights (0.2, 0.4, 1, 1.2, 1.4 and 2 m) to generate different impact velocities.  
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Figure  3-3- (a) Drop tower, and (b) the specimen frame assembled by two angles and the 
supporting frame. 
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Figure  3-4- Assembly with interlocking features. 
3.3.2. Measurements 
During the tests, the force signals are detected by a Kistler load cell with load capacity of 100 
kN and recorded by a Tektronix TDS2024B oscilloscope with a bandwidth of 100 kHz and a 
sample rate of 2 GS/s after amplification. The load cell is calibrated on an MTS machine with 
load capacity of 250 kN before the tests. It should be noted that the possible bending response 
in the impact is not considered in this study. Since only the first positive force pulse accounts 
for the impact response, a duration of 25 ms is set for the oscilloscope, which records only 
the initial two or three force pulses of the impact procedure to provide adequate data points. 
The vibration of the samples could last for a long period towards stabilisation. The 
deformation and failure modes of the specimens are recorded by a Photron Fastcam high 
speed camera at a rate of 10,000 frames per second. The high speed camera is focused on the 
centre point of the sample at a distance of 1 m and an angle of 10 degrees to the horizon, 
which is calibrated to obtain the axial displacement of the indenter. An image processing 
software named Tracker is used to process the recorded videos from high speed camera to 
estimate the deflection of assembly plates. 
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3.4. Results and discussion 
3.4.1. Tests and data processing 
The influences of the incident energy (height of dropping mass) and the lateral constraints on 
the impact responses of the assemblies made of interlocking bricks are experimentally 
investigated. Table  3-2 has listed all the tests conducted in this study. Different lateral 
confining loads are studied by applying different levels of torque on the specimen frame, i.e., 
5 Nm, 10 Nm and 31.5 Nm. The mass is released at different heights ranging from 0.2 m to 2 
m until the penetration of the plate. For comparison, monolithic plates made of the same 
concrete material are also tested, as listed in Table  3-2 (MP-1 and MP-2).  
The data recorded by the high speed camera is used to determine the displacement history 
diagrams of the indenter through image processing, including the maximum deflection of the 
plate (h1) and the rebound height of the indenter (h2).  
Table  3-2- Summary of impact tests on interlocking and monolithic plates. 
Specimen Torque 
(Nm) 
Nominal 
height 
(mm) 
Actual 
height  
h0  
(mm) 
Incident 
energy 
(J) 
Maximum 
deflection 
h1 (mm) 
Rebound 
height h2 
(mm) 
Peak 
force
(kN) 
Impact 
time 
(ms) 
Absorbed 
energy (J) 
AIB
*
-1 5 200 184 5.8 5.7 6.3 3.15 6.9 5.6 
AIB-2 5 400 426 13.5 9.0 14.2 3.77 7.3 13.0 
AIB-3 5 1000 989 31.3 penetrated - 4.44  - - 
AIB-4 10 200 188 6.0 4.6 5.6 3.20 6.2 5.8 
AIB-5 10 400 430 13.6 8.1 16.2 4.06 6.2 13.1 
AIB-6 10 1000 946 29.9 16.1 66.8 6.25 8.4 27.8 
AIB-7 10 1200 1188 37.6 18.0 69.4 6.59 8.7 35.4 
AIB-8 10 2000 1924 60.9 penetrated - 3.26  - - 
AIB-9 31.5 200 194 6.1 3.4 6.5 3.49 4.5 5.9 
AIB-10 31.5 400 382 12.1 6.2 21.3 4.54 5.7 11.4 
AIB-11 31.5 1400 1378 43.6 19.5 94.6 7.97 8.8 40.6 
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AIB-12 31.5 2000 1965 62.2 penetrated - 3.97  - - 
MP
**
-1 5 200 189 6.0 1.6 2.9 3.42 3.1 5.9 
MP-2 10 200 189 6.0 1.5 5.6 3.61 2.6 5.8 
MP-3 5 2000 1938 61.3 penetrated - - - - 
*
 AIB: Assembly plate of Interlocking Bricks 
**
 MP: Monolithic Plate 
3.4.2. Impact force and deflection 
The loading histories detected by the load cell at the base for both plate-like assemblies and 
monolithic plates are shown in Figure  3-5. It should be noted that this force is different from 
the contact force between the indenter and the plate, which is due to the existence of the 
supporting frame during the impact, and there is a distance between the impact point and the 
frame edge. The inertia effect usually generates a positive peak force when impact occurs. 
However, due to the existence of the supporting frame and the rotational inertia effect, in the 
initial stage, a negative peak force is observed (Figure  3-5).  
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Figure  3-5- Load history curves of interlocking assembly and monolithic plates with the mass 
dropped from different heights under different initial torques (T) on the specimen frames: 
interlocking assembly plates at (a) T1=5 Nm, (b) T2=10 Nm, (c) T3=31.5 Nm, and monolithic 
plates at (d) T1=5 and T2=10 Nm. 
The existence of negative peak force can be easily understood by the following example. 
Figure  3-6 shows a simplification of the contact force between the indenter and the specimen. 
It is assumed that a beam is supported by two supports at the two ends and subjected to a 
downward force F at the middle point. After forming a hinge at the middle point of the beam, 
the stiffness of the beam vanishes. The deformation field in the mechanism phase is often 
assumed to be triangular. The parts between the hinge and support are assumed as rigid parts. 
By applying the equilibrium equations  
..
*
myy uMRFaMF
 (‎3-5) and
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 
..
*2/)( ILRFaIM yz  (‎3-6) about the mass centre of the rigid 
part, the reaction force R is calculated by equation 
*2*
*2*
4/1
4/1
ILM
ILM
R



 (‎3-7).  
 
..
*
myy uMRFaMF  ( 3-5) 
 
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*2/)( ILRFaIM yz  ( 3-6) 
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

  ( 3-7) 
Assuming that the beam’s section is constant, then the reaction force would be R=-7/11F. 
Therefore, the reaction force at two ends would be negative values. Similarly, negative force 
values are also detected by the load cell in the current tests.  
 
Figure  3-6- A demonstration to relate the impact force at the middle point and the reaction 
force at two end supports. 
In general, with the increase of the input energy (height of dropping mass) and the initial 
confinement load, the peak force increases. Figure  3-7a clearly shows this trend. In the 
meantime, the impact time (the time interval from contact of the indenter and the plate to the 
maximum displacement) decreases with the increasing initial torque, as shown in 
Figure  3-8b. For example, for specimens AIB-2 and AIB-10 (as listed in Table  3-2) with the 
mass dropping from the same height of 0.4 m, when the applied torque increases more than 
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six times from 5 Nm to 32 Nm (equivalent to lateral confining stresses from 0.35 MPa to 2.23 
MPa), the initial peak force acting on the interlocking assembly plates increases 
approximately 20% (from 3.77 kN to 4.54 kN). Correspondingly, the impact time decreases 
approximately 28% (from 7.3 ms to 5.7 ms). Compared with monolithic concrete plates, the 
interlocking assembly plates show significantly longer impact time and lower peak forces. 
For example, for specimens AIB-4 and MP-2 (as listed in Table  3-2), with the mass dropping 
from 0.2 m and the same lateral confining torque of 10 Nm, the peak force of the interlocking 
assembly plate (3.2 kN) is reduced by approximately 13 % as compared to that of the 
monolithic plate (3.61 kN). However, the impact time for interlocking assembly plate (6.2 
ms) increases 2.4 times of that for monolithic plate (2.6 ms).   
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Figure  3-7- The effect of initial torque and height of dropping mass on (a) peak force and (b) 
impact time. 
It is difficult to directly measure the deflection of the assembly plate in the tests. Therefore, in 
this study, the displacement of the indenter is used to reflect the deflection of the plate. It 
should be noted that the actual deflection values might be slightly smaller than the measured 
values since the indenter may damage and impact into part of the concrete material on the 
contacting side of the specimen. Figure  3-8 shows the displacement histories of the indenter 
for all the tested specimens. It can be seen that with the increase of height, the deflection 
increases significantly until penetration. Besides, under higher confining torque, the 
deflection is increased when the initial height of mass increases, showing significant 
enhanced mechanical performance. For example, the interlocking assembly plate is 
penetrated at an initial torque value of 5 Nm when the mass drops from a height of one meter 
(Figure  3-8a), while it is not penetrated until the height is two meters at an initial torque of 10 
Nm and 31.5 Nm (Figure  3-8b and Figure  3-8c). Noticeably, the monolithic plates show 
much less deflection as compared with the interlocking plates, which means that the new 
interlocking brick allows higher flexibility to dissipate impact energy. 
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Figure  3-8- The displacement history of indenter measured by image processing of high 
speed camera recordings when the mass drops from different heights ranging from 0.2 m to 2 
m for interlocking assembly plates laterally confined by applying different initial torques: (a) 
T1=5 Nm, (b) T2=10 Nm, (c) T3=31.5 Nm and (d) for monolithic plate T1=5 Nm and T2=10 
Nm. 
3.4.3. Energy dissipation 
Since the support frame is very stiff, the energy dissipated by the support frame in the tests is 
negligible. Therefore, in this study, instead of calculating the total external work by 
integrating the load-displacement curve, the change in the potential energy of the dropping 
mass before and after the impact is used to estimate the dissipated energy. The dissipated 
energy can be determined by Ed=mg(h0-h2), where h0 is the initial height of the mass, and h2 
is the rebounding height. The dissipated energy for all the specimens of different h0 and 
initial torques are listed in  
Chapter 3                                                                                                                                                              50 
 
 
Table  3-1. Figure  3-9 plots the relationship between the dissipated energy (Ed) and the 
incident energy. It shows that the dissipated energy increases linearly with the increasing 
height of mass.  
 
Figure  3-9- The dissipated energy of interlocking assembly plates in relation to the incident 
energy under different levels of lateral confinement, i.e., different torques ranging from 5 to 
31.5 Nm. 
As shown in Figure  3-9, the confining load has little influence on the dissipated energy. 
Although the monolithic plates show almost the same amount of absorbed energy as the 
assembly plates at the same incident energy of approximately 6 J, they can only resist this 
least amount of energy and fail. However, the interlocking assembly plates could resist much 
higher incident energy up to approximately 35 J at the same initial confining load (T=10 
Nm), and they do not experience massive structural failure. Therefore, they have much better 
impact resistance and higher energy absorption capacity. Moreover, the increasing torque on 
the interlocking assembly plate leads to a similar structural performance as monolithic plate, 
thus brings a little influence on the energy absorption capacity. 
Figure  3-10 shows the relationship between the maximum deflection of the plate(h1) and the 
initial height of mass (h0), as well as that between the rebounding height of mass (h2) and the 
initial height of mass (h0) for different applied torques (lateral confining load). With the 
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increase of the applied torque, the maximum deflection of the plate decreases while the 
rebounding height increases. Furthermore, the increase of the height of the dropping mass 
leads to the increase of the maximum deflection for interlocking assembly plates, and the 
increments are higher than that for the monolithic plate. The rebounding height also increases 
with increasing height of dropping mass, which have negligible difference with monolithic 
plate at a relatively lower height, i.e. 0.2m. Furthermore, with the increase of the applied 
confining torque from 5 to 32 Nm, the rebounding height is generally increasing, because the 
assembly plate is closer to the monolithic plate, except for a single data point with the torque 
T1=5 Nm and the height of dropping mass h0=0.2 m. These trends show that the interlocking 
assembly plates are much more flexible and have higher energy absorption capacity than the 
monolithic plates.  
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Figure  3-10- (a) The maximum deflection of the plate and (b) the rebounding height of mass 
in relation to the height of mass under different levels of lateral confinement, i.e., different 
torques ranging from 5 to 31.5 Nm and two monolithic cases. 
3.4.4. Failure mechanisms 
Based on the observations from the experiments, a typical type of damage is shear cracking, 
which is found at the protrusion region of the concavo-convex curved faces of the centre 
brick and the neighbouring bricks at lower levels of incident energy. For example, when the 
mass drops from 0.2 m, the interlocking assembly plates may have several local shear cracks 
in bricks neighbouring to the centre brick of the impact point, regardless of the magnitude of 
the applied torque (Figure  3-11a). These cracks always occur at the transition region (edge) 
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of the brick. When the height (h0) is increased from 0.2 m to 0.4 m, the centre brick cracks at 
the impact point when the applied torque T=5 Nm, and more shear cracks are formed in the 
neighbouring bricks (Figure  3-11b). With the increase of the height of the dropping mass, a 
penetrated crack in the middle section of the centre brick occurs, which leads to full damage 
of the centre brick and deeper shear cracks in more adjacent bricks. For example, when the 
height of the mass reaches 1 m at the applied torque T=5 Nm, the centre brick is fully failed 
and the assembly plate is penetrated (Figure  3-11c).   
The applied torque has significant influence on the failure resistance performance of the 
interlocking assemblies. By increasing the initial confining loads, less damage would occur in 
the interlocking assembly plates under the same impact energy. As can be seen in 
Figure  3-12a, compared with the plate under the loading condition T=5 Nm and h0=0.4 m, 
much less local shear cracks in neighbouring bricks are observed in the plate with T=10 Nm. 
Unlike the failure of the centre brick in the plate impacted by a mass from a height of 1 m and 
under the applied torque of 5 Nm, the interlocking assembly plate at the applied torque of 10 
Nm would still not be fully penetrated (Figure  3-12b and Figure  3-12c). When T=31.5 Nm, 
this height increases to 1.4 m (Figure  3-13a), and the penetration occurs when the height of 
the dropping mass is 2 m (Figure  3-12d and Figure  3-13b). Therefore, increasing the applied 
torque can assist to increase the capability of interlocking assemblies to resist failure. It 
should be noted that during the impact, the integrity of the interlocking assemblies can be 
maintained even when the bricks neighbouring to the impact point are smashed. In contrast, 
the monolithic plate can dissipate only a small amount of energy before failure. For example, 
when the mass drops from a height of 0.2 m, a long and penetrative crack is observed 
crossing the entire plate as shown in Figure  3-14a. When the height increases to 2 m 
(Figure  3-14b), the cracks propagate and spread throughout the plate. Thus, a point load 
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beyond the allowable limit of the monolithic concrete plate will cause the failure of the entire 
structure.  
 
Figure  3-11- Failure patterns for interlocking assembly plates under different impact loads 
when applied lateral torques is T1=5 Nm: (a) h0=0.2 m, no cracks appear on both sides of 
centre brick but just two small surface cracks on the top surface of neighbouring bricks, (b) 
h0=0.4 m, cracks observed in the centre brick but no crack on its bottom surface, and (c) h0=1 
m, centre brick fully damaged. 
Chapter 3                                                                                                                                                              55 
 
 
 
Figure  3-12- Failure patterns for interlocking assembly plates under different impact loads 
when applied lateral torques is T2=10 Nm: (a) h0=0.4 m, small shear cracks on the top surface 
of centre brick and neighbouring bricks but no crack on the bottom surface, (b) h0=1 m, 
centre brick extruded, no crack observed on the bottom surfaces of all bricks but serious 
cracks observed on their top surfaces, (c) h0=1.2 m, centre brick with penetrated cracks, (d) 
h0=2 m, smashed and penetrated centre brick. 
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Figure  3-13- Failure patterns for interlocking assembly plates under different impact loads 
when applied lateral torques is T3=31.5 Nm: (a) h0=1.4 m, penetrated cracks in centre brick, 
(b) h0=2 m, smashed and penetrated centre brick. 
 
Figure  3-14- Failure modes in monolithic plate when: (a) T1=5 Nm, h0=0.2 m, cracks on both 
sides of the monolithic plate, (b) T1=5 Nm, h0=2 m, widespread and deep cracks on both sides 
of the monolithic plate. 
Figure  3-15 illustrates two types of typical failure patterns of the interlocking bricks. The first 
type of failure is caused by the direct impact of indenter during the impact, which occurs in 
the centre brick. The second type of failure occurs on the path of load transmission in the 
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impact, which is normally located at the protrusion region of the concavo-convex curved 
faces of the brick. Because of the special geometrical constraints of the newly developed 
interlocking brick, the out-of-plane loads are transferred to the adjacent bricks through the 
concavo-convex curved surfaces in the length direction, as shown in Figure  3-16a. In 
Figure  3-16a, the numbers from 1 to 4 indicate the sequence of load transferring path. It can 
be seen that the impact load on the impact side of the assembly plate will be preferably 
transmitted along direction 1 from the centre brick to the two adjacent bricks. This type of 
load transmission is similar to the assembly plates made of tetrahedral bricks as shown in 
Figure  3-16b, in which the downward movement of element 1 is prevented by elements 4 and 
5, and the upward movement of element 1 is prevented by elements 2 and 3. On the other side 
of the new assembly plate, the load transferring path is perpendicular to the indicated 
direction in Figure  3-16a. It is found that the majority of cracks occur in the regions of load 
transmission path. 
 
Figure  3-15- Typical fracture patterns of the interlocking bricks: (a), (b), (c) penetrated crack 
of the centre brick in the middle section and shear fractures at adjacent bricks, (d), (e), (f), (g) 
shear fractures and cracks at the protrusion portion of concavo-convex curved faces of most 
bricks. 
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Figure  3-16- (a) The load transmission path of new interlocking assembly when the centre 
brick is subjected to an out-of-plane impact load, and (b) a schematic demonstration of load 
transmission path for tetrahedral interlocking bricks.  
3.5. Conclusions 
In this chapter, a new type of interlocking brick is proposed with its geometrical 
characteristics formulated. The assembly plate made of these new interlocking bricks are 
subjected to different levels of impact loads in the drop weight tests. The effect of different 
levels of lateral constraints exerted on the plates is extensively investigated by applying 
various amounts of torques on the angles of the assembly frame. Monolithic concrete plates 
subjected to the same loading conditions are also studied for comparison. The experimental 
results show that the newly developed interlocking assembly plates have significantly 
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improved the flexural performance compared with the brittle-dominant behaviour of 
monolithic plates. Also, increasing the magnitude of the lateral confining load can enhance 
the fracture resistance of the assembly. During the impact, apart from the centre brick at the 
direct impact point, cracks always occur through a load transmission path determined by the 
geometrical constraints of the interlocking bricks. A most striking feature of the newly 
developed interlocking brick is the capability to prevent the propagation and spreading of 
cracks through the interface between the adjacent bricks during an impact. Because of this, 
even when one brick is entirely damaged, the remaining bricks are functioning and the 
integrity of the structure is maintained. In this study, two types of failure mechanism in 
interlocking bricks during the impact have been observed. The first type is shear crack at the 
protrusion region of concavo-convex curved faces of the centre brick and the neighbouring 
bricks at low level of incident energy. The second type is penetrated crack. With the increase 
of the incident energy, a penetrated crack in the middle section of the centre brick and deeper 
shear cracks in the neighbouring bricks are observed.  
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NUMERICAL AND COMPARATIVE STUDY ON IMPACT BEHAVIOUR 
OF PLATE-LIKE ASSEMBLIES MADE OF NEW AND EXISTING 
INTERLOCKING BRICKS  
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Chapter 4: Numerical and Comparative Studies on Impact Behaviour of Plate-Like 
Assemblies Made of New and Existing Interlocking Bricks 
This chapter presents an extensive numerical study on the impact behaviour of plate-like 
assemblies made of interlocking concrete bricks. A 3D finite element model is developed in 
this study, where a damage based concrete material model is employed with considerations of 
strain-rate effect and concrete failure criteria. Boundary conditions are appropriately defined 
to simulate various initial loading scenarios. The impact responses of both monolithic and 
assembly plates are investigated, and the numerical model is validated by comparing the 
predicted results with experimental data. Compared to the monolithic plate, the structural 
flexibility, energy absorption capacity and the tolerance to local failure are improved in the 
assembly plates made of interlocking bricks. A comparative study is also carried out on the 
assembly plates made of two types of interlocking bricks, i.e. the osteomorphic brick with 
two curved side surfaces and the newly designed interlocking brick with four curved surfaces. 
It is found that the plate made by the newly developed interlocking brick exhibits less 
deflection and absorbs more energy than the osteomorphic brick.  
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4.1. Introduction 
As mentioned in previous chapters, in the existing osteomorphic brick, the interlocking 
features are achieved through a pair of curved faces of the element, in which each face 
prevents the out-of-plane displacement along either direction normal to the assembly plate. 
Due to the existence of a pair of flat side faces in the osteomorphic brick (Figure  4-1a), the 
mechanical response of the plate-like assembly made of this brick are different in the two in-
plane directions. The shape of the osteomorphic brick is also different on both top and bottom 
sides (Figure  4-1a). Thus different patterns will be shown on different sides of the assembly 
plate, which may lead to different impact resisting performances on two sides. In the new 
design of interlocking brick which is proposed in  Chapter 3:, the curved surfaces of the same 
profile on all sides of the interlocking brick (see Figure  4-1b) lead to the symmetrical in-
plane behaviour of the assembly plate in the two principal directions. Besides, additional 
curved side surfaces of the new brick provide more resistance against out-of-plane 
movements because of increased friction and shear resistance. Moreover, the patterns 
appeared on both sides of the assembly plate made of the new interlocking bricks are similar 
(Figure  4-1b).  
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Figure  4-1- A schematic demonstration of (a) osteomorphic brick and (b) new interlocking 
brick. 
Impact resistance of protective structures has gained increasing interest. Extensive research 
has been reported on various types of systems subjected to impact loads, including steel 
plates, fabric panels, concrete structures, brick structures and so on [1-6]. However, very 
limited experimental and numerical investigations can be found from literature on studying 
the dynamic behaviour of interlocking structures under impact loads [7, 8]. The potential 
applications of these novel structures (assembly plates made of interlocking bricks) can be 
protective walls for resisting the impact of fragments produced by explosion, or road side 
crash barrier [9]. In 2012, Khandelwall et al. [8] conducted drop weight tests to study the 
dynamic behaviour of the topologically interlocked material (TIM) created using identical 
tetrahedral elements made of brittle base material. Numerical modelling of the same TIM 
assembly conducted by Feng et al. [7] demonstrated that TIM could absorb more impact 
energy than conventional solid plates. Recently, the author conducted a series of drop weight 
tests on both monolithic plates and the assembly plates made of the newly designed 
interlocking brick [10, 11] under different loading scenarios, as presented in . It was shown 
that, similar to TIM with tetrahedral elements, the new interlocking assembly plate absorbed 
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more energy than monolithic plate. Furthermore, the increase of the confining load enhanced 
the energy absorption capacity of the assembly plate [9].  
In this chapter, a 3D finite element model is established to simulate the dynamic responses of 
assembly plates made of the new interlocking bricks under impact loads. The numerical 
model is developed using the explicit finite element program ANSYS/LS-DYNA. The 
Continuous Surface Cap Model (CSCM, MAT 159) is used for modelling concrete, which 
considers the effect of strain rate on the dynamic material properties of concrete. To simulate 
the crack development and propagation, appropriate erosion criteria are selected in the 
proposed finite element model. The structural flexibility, energy absorption capacity and the 
tolerance to local failure of the interlocking assembly plates are studied. The proposed 
numerical model in this chapter is validated by comparing the predicted results with the 
experimental data from drop weight tests presented in Chapter 3. The developed numerical 
model is then applied to investigate the effects of incident energy and initial confining loads 
on the dynamic responses of assembly plates made by the new interlocking brick. In addition, 
a comparative study is carried out on the assembly plates made of two types of interlocking 
bricks, including the osteomorphic brick and the newly designed interlocking brick. 
4.2. Numerical modelling and comparison with test data 
LS-DYNA (Livermore Software Technology Corporation, 1998) is one of the most 
recognised commercial FEM programmes used for simulation and numerical analysis of 
impacts, blast and many other transient phenomena. So far, extensive research has been 
carried out using LS-DYNA to investigate the behaviour of concrete structural components 
subjected to impact loads [12-15]. In LS-DYNA, many material models and contact 
algorithms are available to represent complex behaviours of concrete structures [15]. LS-
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DYNA has been demonstrated to be versatile and effective in many reported studies on the 
dynamic behaviour of concrete structures [12, 16].  
In this chapter, a three-dimensional nonlinear finite element model is developed to simulate 
the dynamic responses of an assembly plate made of the new interlocking bricks under 
impact loads. The finite element program ANSYS/LS-DYNA is utilised in this study. Ls-
PrePost which is an advanced pre- and post-processing tool of LS-DYNA is employed in the 
three-dimensional modelling. Through the linkage between ANSYS and LS-DYNA, impact 
analysis is conducted and validated against the drop impact tests. The simulations are 
conducted by assigning the initial velocity to the drop mass to generate an impact event, 
similar to the actual drop weight tests. 
4.2.1. Material model for concrete under impact loading 
In this study, concrete is modelled using the Continuous Surface Cap Model (MAT 159) in 
LS-DYNA, which can describe the damage-based softening, modulus reduction, shear 
dilation, shear compaction, confinement effect and strain rate effect [17]. It also allows 
automatic generation of parameters based on the three basic input parameters in material 
card: the unconfined compressive strength (f’c), the maximum aggregate size and the units 
[18]. The input parameters used in this study are shown in Table  4-1, and other parameters 
are automatically generated in CSCM.  
Table  4-1- Key parameters for concrete material model CSCM (MAT159). 
Mass 
density 
(g/mm
3
) 
NPLOT 
Rate effect 
 
Element erode 
Unconfined 
compression strength 
(MPa) 
Maximum 
aggregate size 
(mm) 
2.1E-3 1 1 1.10 28.6 2.0 
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The mass density, the unconfined compressive strength and the maximum aggregate size are 
selected based on the test data presented in section  3.2. Another control parameter is element 
erosion. Erosion will not occur if it is not specified (ERODE=0.0) or set less than one 
(ERODE ≤ 1.0). In the numerical study reported by U.S. department of transportation 
(Federal Highway Administration) [18], the structural response was affected by erosion strain 
value, and the coefficient of erosion was recommended to be 5 to 10 percent of the maximum 
principal strain, i.e. 1.05 ≤ ERODE ≤ 1.10. Lower erosion values may lead to more flexible 
structural behaviour. In this study, simulations with different erosion values have been 
conducted and compared, and the same phenomenon is observed. Therefore, the erosion 
coefficient of 1.10 is employed for all the simulations which allows erosion of concrete 
elements when damage exceeds 0.99 and the maximum principal strain exceeds 0.10 [18].  
The effect of strain rate on concrete material properties shall be considered in the impact 
situation. The strength of concrete increases significantly under dynamic loadings due to 
strain rate effect [13, 14]. In CSCM, the strain-rate effect is activated by defining the rate 
effect parameter as 1 as listed in Table  4-1. Referring to the values specified in reference [18] 
for CSCM, the dynamic increase factors (DIF, the ratio of dynamic to static material 
strengths versus strain rate) for concrete compressive strength and tensile strength are 
described by the curves shown in Figure  4-2. 
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Figure  4-2- Dynamic increase factors for concrete compressive strength and tensile strength. 
4.2.2. Modelling procedures 
In this section, a plate-like assembly made of concrete interlocking bricks and a monolithic 
concrete plate tested in this study and presented in  Chapter 3: (Figure  4-3a) are modelled. 
Figure  4-3b shows the finite element (FE) model of the whole system with the spherical ball 
mimicking the indenter. For the monolithic plate, a constant mesh size of 4 mm is used in the 
FE model. In the case of assembly plate, a square interlocking plate (400×400×25 mm
3
) 
assembled by 49 bricks, 28 half bricks and 4 quarter bricks is modelled. In the assembly 
plate, the failure mechanism is much more complicated than that of the monolithic plate due 
to the kinematic constraint introduced by the special shape and the increased friction of the 
interlocking bricks, which also result in different crack patterns. In addition, compared to the 
monolithic plate, the assembly plate is made of a number of bricks with irregular shapes and 
smaller dimensions. Therefore, to better capture the crack development in the most critical 
bricks, finer mesh (0.75 mm) is used for the bricks in direct impact region. For the bricks 
remote to the impact point, as relatively few cracks are found in these bricks during the tests, 
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a coarse mesh (2.5 mm) is used in the consideration of computing efficiency
1
. The steel 
frames used in the experiments are also included in the FE model. Since no plastic 
deformation was observed in the indenter in the impact tests, a rigid material model (MAT20) 
is used for it. For simplicity, a spherical ball of 25 mm in diameter is used in the FE model 
instead of a full scale one in the experiments. In order to achieve the same mass of 3.225 kg 
as the experiment, an artificial density is defined for the ball. To investigate the confining 
effect on the structural behaviour, the steel frame is also considered as a part of the system in 
the numerical modelling. As no plastic deformation was observed in the steel frames from the 
experiments, the elastic material model (MAT001) is used for modelling the steel frames. 
The steel frame is meshed with solid elements with the minimum element size of 1.67 mm. 
The mass density, elastic modulus and Poisson’s ratio of the steel used in the model are 7,830 
kg/m
3
, 200 GPa and 0.3, respectively. Automatic_Surface_To_Surface contact with friction 
coefficient of 0.4 is defined for all possible contacts between different concrete bricks, and no 
friction is defined between the indenter and bricks. The indenter freely falls during the impact 
at different initial velocities from 1.9 to 6.2 m/s, which is equivalent to the mass dropping 
from heights of 0.2 to 2.0 m. To avoid initial penetration, the indenter is placed at a clearance 
of 1 mm above the top surface of the assembly plate. Furthermore, a clearance of 0.5 mm is 
created at the interface between the neighbouring bricks, which mimics the clearance 
between the bricks in experiments before the assembly is laterally constrained. To fasten the 
frame, different initial axial forces (2.5 kN, 5 kN and 15.75 kN) are applied by defining the 
“Initial_Axial_Force_Beam” at the locations of bolts, resulting in equivalent torques of 5 
Nm, 10 Nm and 31.5 Nm, respectively. Displacement constraints between the specimen 
                                                 
1
 In this study, the mesh size used for concrete has been considered based on the element test reported by Lin et 
al. [14] where elements with eight different sizes (1 mm, 5 mm, 10 mm, 15 mm, 25 mm, 30 mm, 50 mm and 75 
mm) were investigated. It was found that, for elements with sizes of 1-25 mm, the obtained stress–strain 
relationships almost coincide. In this study, the average element size is chosen as 2.5 mm (5% of average brick 
size and in the range of 1-25 mm). A finer mesh of element size at 0.75 mm (smaller than the maximum 
aggregate size) is used near the impact zone in order to better capture the erosion. Using a fine mesh of 0.75 mm 
for all bricks would be prohibitively time consuming and practically unnecessary. 
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frame and the supporting frame at the position of G-clamps are defined. At the bottom plate 
of the supporting frame, the nodes at the locations of the four bolts are vertically and 
horizontally restrained. The concrete is modelled with solid elements based on constant stress 
formulation. The Flanagan-Belytschko stiffness form is used for hourglass control for 
concrete brick elements. 
 
Figure  4-3- (a) Experimental setup and (b) numerical modelling setup for interlocking 
assembly plate and monolithic plate. 
Table  4-2 lists all the test conditions and the equivalent initial conditions in numerical 
simulation. The initial velocity and the equivalent effective height of mass (h0) are obtained 
through image processing as discussed in chapter 3. The initial axial force applied to blots in 
the FE model is calculated based on the relationship
CD
T
F  , where T is the applied torque 
(N.mm), D is the bolt’s diameter (10 mm) and the coefficient C is 0.2 for steel material. 
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Table  4-2- Summary of finite element modelling. 
Specimen Torque 
(Nm) 
Nominal 
height of 
mass 
(mm) 
Effective 
height of 
mass h0  
(mm) 
Equivalent 
initial axial 
force in 
bolts in 
FEM (N) 
Equivalent 
initial 
velocity in 
FEM (m/s) 
Incident 
energy(J) 
Absorbed 
energy 
(experiments)(J) 
Absorbed 
energy 
(FEM)  
(J) 
AIB
1
-1 5 200 184 2500 -1.900 5.8 5.6 5.3 
AIB-2 5 400 426 2500 -2.892 13.5 13.0 12.1 
AIB-3 5 1000 989 2500 -4.404 31.3 - - 
AIB-4 10 200 188 5000 -1.921 6.0 5.8 5.7 
AIB-5 10 400 430 5000 -2.904 13.6 13.1 12.0 
AIB-6 10 1000 946 5000 -4.308 29.9 27.8 26.6 
AIB-7 10 1200 1188 5000 -4.828 37.6 35.4 34.3 
AIB-8 10 2000 1924 5000 -6.143 60.9 - - 
AIB-9 31.5 200 194 15750 -1.950 6.1 5.9 5.6 
AIB-10 31.5 400 382 15750 -2.736 12.1 11.4 10.5 
AIB-11 31.5 1400 1378 15750 -5.199 43.6 40.6 40.1 
AIB-12 31.5 2000 1965 15750 -6.208 62.2 - - 
MP
2
-1 5 200 189 2500 -1.927 6.0 5.9 5.1 
MP-2 10 200 189 5000 -1.928 6.0 5.8 5.4 
MP-3 5 2000 1938 2500 -6.166 61.3 - - 
 
1
 AIB: Assembly plate made of interlocking bricks 
2
 MP: Monolithic plate 
4.2.3. Numerical results and discussion 
4.2.3.1. Force and displacement history 
Figure  4-4 to Figure  4-7 show the reaction force histories at the location of the load cell 
(centre of the bottom plate of the supporting frame) and the displacement histories of the 
indenter obtained from the proposed FE model for all loading scenarios listed in Table  4-2. 
They are also compared with the data from the experiments in Chapter 3.  
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Figure  4-4- Reaction force-time curves at the location of load cell and displacement-time 
curves of indenter obtained from models with confining lateral load of T1=5 Nm on the 
assembly plate at various initial mass heights (h0). 
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Figure  4-5- Reaction force-time curves at the location of load cell and displacement-time 
curves of indenter obtained from models with confining lateral load of T2=10 Nm on the 
assembly plate at various initial mass heights (h0). 
 
Figure  4-6- Reaction force-time curves at the location of load cell and displacement-time 
curves of indenter obtained from models with confining lateral load of T3=31.5 Nm on the 
assembly plate at various initial mass heights (h0). 
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Figure  4-7- Reaction force-time curves at the location of load cell and displacement-time 
curves of indenter obtained from models with confining lateral load of T1=5 Nm and T2=10 
Nm on the monolithic plate at various initial mass heights (h0). 
As shown in the Figure  4-4 to Figure  4-7, in most cases, good agreements are found between 
the numerical simulations and the experimental data for both reaction force history and the 
indenter displacement history. The less agreeable results in the penetrated case Figure  4-4c 
could be caused by the erosion function, which is a numerical technique used to permit the 
extension of the calculation when the Lagrangian element has large distortion, and to provide 
a better graphical representation for the failure of material. Since it is not material property or 
physically based, the erosion of element may lead to the loss of internal energy, strength and 
mass. Although, in Figure  4-4c, the predicted force history does not perfectly fit the 
experimental data, the FEA result shows the full damage of the plate, which agrees very well 
with the observation from the experimental test. Some of the discrepancies in the 
displacement results in Figure  4-6 might be due to the minor damage in the bricks introduced 
during the experimental setup and confining processes.  
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Figure 4-8 shows the force and displacement history curves predicted by FE models for the 
cases which have the same incident energy, but different initial lateral confining loads (5, 10 
and 32 Nm). 
 
Figure  4-8- Load and displacement history curves predicted by FE models under different 
initial torques when the mass dropped from same heights: interlocking assembly plates at (a) 
h0=0.2 m, (b) h0=0.4 m, (c) h0=1.0 m, and monolithic plates at (d) h0=0.2 m. 
Chapter 4                                                                                                                                                              78 
 
 
As can be seen in Figure  4-8, generally speaking, the increase of the initial confinement load 
leads to the decrease of the maximum deflection, while at the same time the peak force tends 
to increase slightly. This trend is similar to the observations in the experimental tests 
(section  3.4.2). 
The proposed FE models also predict the negative peak force in the initial stage of impact as 
observed in the experiments (see section  3.4.2). As explained in  Chapter 3:, the negative 
force in the initial stage is due to the existence of the supporting frame and the rotational 
inertia effect (see Figure  3-6). As can be seen in Figure  4-4 Figure  4-7, in general, the 
negative peak force increases with the increase of the input energy (height of dropping mass) 
and the initial confinement load. 
4.2.3.2. Energy dissipation  
In this study, the dissipated energy is calculated by integrating the force-displacement curve 
(total external work) obtained from the numerical analysis. In Figure  4-9, the typical force-
displacement curves for load cases AIB-1, AIB-4 and AIB-9 are plotted, which have the same 
incident energy (h0=0.2 m), but different initial lateral confining loads (5, 10 and 32 Nm). 
These curves clearly show that the increasing initial confining loads would lead to increase in 
peak force and decrease in displacement. 
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Figure  4-9- Force-displacement curves for typical loading cases AIB-1, AIB-4 and AIB-9. 
Table  4-2 presents a comparison of dissipated energy measured in the experimental tests and 
the predictions from finite element modelling. It can be seen that the differences between the 
numerical results and the test data are small. In the experiments, the support frame was made 
very stiff by using thick steel plates and a very light weight to generate relatively small 
incident energy. Although the vibration might still occur in relatively small magnitudes and 
dissipate a small amount of energy, the tiny differences between the test results and the 
numerical predictions confirm the appropriateness of the rigid frame assumption in the 
numerical model. 
Table  4-2 shows that the energy absorption capacity increases with the increase of the initial 
confining load. The interlocking assembly plate can resist much higher incident energy 
without experiencing massive structural failure. For example, when the initial applied torque 
is 5 Nm, the assembly plate is penetrated by the indenter when the height of dropping mass is 
1 m (AIB-3). With the increase of initial torque to 10 Nm and 31.5 Nm, the specimens remain 
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integral until the heights of dropping mass reach 1.2 m (AIB-7) and 1.4 m (AIB-11), 
respectively. 
4.2.3.3. Crack patterns 
Figure  4-10 shows the typical crack patterns of the bricks and the damage distributions on the 
assembly plate obtained from the numerical simulation, and they are compared to the damage 
observed in the test for AIB-7. Figure  4-11 shows the typical crack patterns and damage 
distributions for the case that the indenter fully penetrates into the assembly plate (AIB-8). 
Figure  4-10 and Figure  4-11 show that the numerical simulations have a good agreement with 
the experimental observations in terms of crack patterns and damage distributions. The 
effective plastic strain contours in Figure  4-10 and Figure  4-11 demonstrate the most possible 
locations that damage may occur. 
 
Chapter 4                                                                                                                                                              81 
 
 
Figure  4-10- Damage distributions of assembly plate of new interlocking bricks: (a) 
experiment (left: top surface; right: bottom surface), (b) effective plastic strain contour from 
finite element modelling (top surface), (c) effective plastic strain contour of the bottom 
surface of the centre brick. 
 
Figure  4-11- Penetrated failure of the centre brick and fractured adjacent bricks (highlighted 
in red circles): (a) experiment, (b) finite element modelling. 
Due to the special geometrical constraints of the newly developed interlocking brick, out-of-
plane loading in each direction can be preferably transferred to the adjacent bricks through a 
pair of curved surfaces in one direction. There are two types of crack patterns observed in the 
experimental tests. One is penetrated crack owing to the tensile failure on the bottom face of 
the centre brick. The other type of crack is shear crack, which occurs at either the protrusion 
region of the concavo-convex curved faces of the centre brick under direct impact, or the 
neighbouring bricks at low level of incident energy, i.e. the height of dropping mass being 
less than 0.4 m. With the increase of incident energy, a penetrated crack occurs in the middle 
of the centre brick and deeper shear cracks are also observed in more adjacent bricks. The 
crack patterns predicted by the current finite element model are compared with the test results 
in Figure  4-12 and Figure  4-13. It can be seen that the numerical predictions are very similar 
to the observations from the tests.  
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Figure  4-12- Damage distributions of centre brick for: (a) shear crack pattern in experiment, 
(b) penetrated crack in experiment, (c) predicted location of shear crack in FEM, (d) 
penetrated crack predicted by FEM. 
 
Figure  4-13- Distributions of shear cracks at the protrusion portion of concavo-convex curved 
faces on neighbouring bricks (red circles): (a) experiment, (b) numerical modelling. 
In addition, the dynamic behaviours of monolithic concrete plates under impact loading 
(cases MP-1, 2 and 3 in Table  4-2) are also investigated by using the same finite element 
model, and the numerical predictions are compared to the experiments. Figure  4-14 shows the 
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damage distributions of the monolithic plate obtained from experiment and numerical 
simulation when full penetration occurs (case MP-3). As can be seen in Figure  4-14, the 
crack patterns and failure mechanism predicted by the FE model for the monolithic plate are 
very similar to the observations from the tests.   
 
Figure  4-14- Damage distributions of concrete monolithic plate when damage occurs: (a) 
experiment, (b) finite element modelling. 
Based on the above comprehensive model validation, it can be concluded that the proposed 
finite element model is capable of predicting the impact behaviours of both monolithic and 
assembly plates with sufficient accuracy. It can not only reproduce the force and 
displacement histories, but also effectively simulate the failure mechanisms and fracture 
behaviours of assembly plates and monolithic plates under impact loads.  
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4.3. Comparison between new and existing interlocking bricks 
4.3.1. Finite element modelling 
To investigate and compare the dynamic behaviours of plate-like assemblies made of newly 
designed interlocking brick and the osteomorphic brick proposed by Dyskin et al. [19], a 
comparative study is carried out in this study using the validated finite element model. 
Figure  4-15 shows the finite element models developed for the new interlocking assembly 
plate and the osteomorphic assembly plate. The size and material properties of both assembly 
plates are the same (400×400×25 mm
3
). The shape and geometry of the new interlocking 
brick and the osteomorphic brick are shown in Figure  4-15. The new interlocking brick has 
four curved surfaces of the same profile in all four sides (Figure  4-15a), while the 
osteomorphic brick has two curved surfaces and two flat surfaces (Figure  4-15b and 
Figure  4-15c). In the finite element models shown in Figure  4-15, 864 solid elements are used 
to discretize both the new interlocking brick and the osteomorphic brick. The assembly plate 
made of the osteomorphic brick shows different patterns on two sides of the plate, which may 
lead to different mechanical responses if it is subjected to impact on different sides. 
Therefore, the impacts in two directions are investigated for the plate made of osteomorphic 
bricks. The depth of the bricks, a (as shown in Figure  4-15), determines the overall 
dimensions of the brick, 2a×2a×a. In this study, the depth is set to be 25mm. The influences 
of different levels of initial lateral confining stress (0.1, 0.5, 1, 1.5, 2.0 and 2.5 MPa) and 
different heights of dropping mass (0.2, 0.4, 0.8, 1, 1.2, 1.4, 1.6, 2.0, 2.5 and 3.0 m) on the 
mechanical behaviours of both types of assembly plates are investigated. 
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Figure  4-15- The finite element models for assembly plates made of: (a) newly designed 
interlocking brick, (b) osteomorphic brick impacted on side-1, and (c) osteomorphic brick 
impacted on side-2. 
4.3.2. Finite element results and discussions 
To understand the differences in the dynamic responses of the two assembly plates shown in 
Figure  4-15, the relationship between the contact force and the indenter displacement is 
studied. Figure  4-16 shows the force-displacement curves for the assembly plates with the 
initial confining stress of 0.5 MPa and the height of dropping mass of 0.8 m under three 
loading cases. It shows that the new interlocking assembly plate (dotted curve in Figure  4-16) 
has less deflection and higher contact force than the assembly plate made of osteomorphic 
bricks (dash and dash-dot curves in Figure  4-16) under the same initial condition. Figure  4-16 
also shows the difference in force-displacement curves for osteomorphic bricks being 
impacted on different sides. The maximum contact forces of the new assembly plate (F1), the 
assembly plate made of osteomorphic brick subjected to impact on side 1 (F2) and the 
assembly plate made of osteomorphic brick subjected to impact on side 2 (F3) have the 
relation
321 FFF  . Whereas the corresponding maximum displacements have the relation 
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321 DDD  , where D1, D2 and D3 are the maximum displacements of the indenter when the 
impact force is imposed on the new assembly plate, and side 1 and side 2 of the assembly 
plate made of osteomorphic brick, respectively. 
The new interlocking assembly also absorbs more energy (shaded area under force-
displacement curves) than the assembly plate made of osteomorphic brick. Although the 
energy absorption from both sides of the osteomorphic assembly plate is almost identical in 
this load case, the different contact forces and deflections for different sides show different 
mechanisms of energy dissipation. 
 
Figure  4-16- Force-displacement curves for assembly plates made of new interlocking brick 
and osteomorphic brick (impacted on side 1 and side 2). 
Figure  4-17 shows the maximum displacements of the indenter dropping from different initial 
heights and impacting the assembly plates at different confining stress levels. It shows that 
the increase of initial confining stress on all assembly plates leads to decrease of maximum 
deflection. The maximum deflections are similar for osteomorphic assembly plates being 
impacted on two sides with different patterns, except for the cases when the initial confining 
stresses are low. The maximum deflections of the assembly plates made of the new 
interlocking bricks in all studied cases are consistently less than that of the assembly plates 
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made of osteomorphic bricks. Meanwhile, the difference in the maximum deflection between 
the new assembly plate and the osteomorphic assembly plates is gradually reduced with the 
increase of initial confining stress, i.e. close to monolithic performance. When the initial 
confining stress is low, e.g. 0.1 MPa, the maximum deflection of the new assembly plate is 
approximately 30% lower than that of the osteomorphic assembly. With the initial confining 
stress increased to 2.5 MPa, the maximum deflections of the three investigated assembly 
plates are almost identical regardless of the height of dropping mass. 
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Figure  4-17- Maximum deformation of assembly plates made of new interlocking bricks and 
osteomrphic bricks (impact on different sides 1 and 2). 
Figure  4-18 shows the relationships between the maximum indenter/plate contact force and 
the confining stress with the initial height of dropping mass varying from 200 mm to 3000 
mm. Generally speaking, the assembly plates made of new interlocking bricks have higher 
maximum contact forces than the plates made of osteomorphic bricks, except for the two 
cases with the highest levels of initial incident energies (h0=2500 mm and 3000 mm), in 
which massive brick failures are observed, leading to increased uncertainties. It is also 
observed that the maximum contact force of the osteomorphic assembly plate being impacted 
on side 1 is consistently higher than that of the same assembly being impacted on side 2. For 
example, when the height of the dropping mass is 800 mm and the initial confining stress is 1 
MPa, the peak force for the new assembly plate is 8.98 kN and the corresponding values for 
the osteomorphic assembly plates being impacted on side 1 and side 2 are 6.95 kN and 5.48 
kN, respectively. In general, with the increase of the confining stress, the peak force tends to 
increase. 
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Figure  4-18- Relationship between the maximum contact force and the confining stress for  
assembly plates made of new interlocking brick and osteomrphic brick being impacted on 
sides 1 and 2. The height of dropping mass varies from 200 mm to 3000 mm. 
Figure  4-19 shows the relationships between the energy absorption and the confining stress 
when the height of dropping mass increases from 200 mm to 3000 mm. Generally speaking, 
the initial confining stress has little influence on the energy absorption of assembly plates, 
except for the cases when the incident energies are relatively high (h0=2500 and 3000 mm). 
When the incident energies are low (h0=200 and 400 mm), the new interlocking assembly 
plate absorbs slightly higher energy than the osteomorphic assembly plates. By increasing the 
initial height of the dropping mass from 800 mm to 2000 mm, the new brick absorbs more 
energy than the osteomorphic brick. Meanwhile, osteomorphic bricks impacted on side 1 
would absorb more energy than those impacted on the other side (side 2). With the height 
increases to above 1000 mm, the osteomorphic assembly plate impacted on side 2 (green 
curve in Figure  4-19) shows fluctuation in its trend with the change in the confining stress, 
which could be due to the large deflection of the plate, causing failure, element erosion and 
less accuracy in modelling damage. Similarly, when the height is increased to above 2000 
mm, the influence of confining stress on the energy absorption for the new brick and 
osteomorphic brick on side 1 (blue and red curves in Figure  4-19) is not clear . 
 
Chapter 4                                                                                                                                                              92 
 
 
 
Figure  4-19- Energy dissipated by assembly plates made of new interlocking bricks and 
osteomrphic bricks (impacted on side 1 and side 2) in different initial confining stresses with 
various incident energy (initial heights of dropping mass). 
4.3.2.1. Load transfer and reaction forces 
In this section, FE models are modified and re-examined in order to study and compare the 
load transfer and reaction forces in the new and the existing interlocking assembly plates, as 
well as in the monolithic plate. In the modified model, instead of the steel frame, the lateral 
confining loads are applied by defining boundary conditions. The translational constraints are 
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applied in the local x, y and z-directions. In Figure  4-20, the vertical reaction forces on the 
plates, Rz-x and Rz-y, and the horizontal reaction forces, Rx and Ry are shown. Rz-x and Rz-y 
represent the vertical reaction forces on the plate edges parallel to x and y axes, respectively. 
Rx and Ry are the horizontal reaction forces in x and y directions, respectively. 
 
Figure  4-20- Reaction forces on the boundaries of (a) the assembly plate made of existing 
osteomorphic brick, (b) the assembly plate made of new interlocking brick, (c) monolithic 
plate. 
In these models, the plates are impacted by the indenter at initial velocities of 2, 3.12 and 
4.43 m/s, simulating a mass dropping from 0.2 m, 0.5m and 1 m, respectively. 
Figure  4-21a shows the contact force-time histories of the osteomorphic assembly plate, the 
new interlocking assembly plate and the monolithic plate when the same mass of 3.2 kg is 
dropped from a height of 0.2 m. Figure  4-21b shows the corresponding displacements of the 
indenter at the same time period. It shows that the monolithic plate has the largest peak 
contact force (7.779 kN), while the osteomorphic brick has the smallest contact force (3.334 
kN). The new design displays an intermediate magnitude of peak force (4.513kN). However, 
the existing osteomorphic assembly plate has the largest deflection (2.94 mm) and the 
monolithic plate has the smallest deflection (1.51 mm) as shown in Figure  4-21b. The vertical 
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displacement contour of the three different plates in Figure  4-22 evidently represents this 
phenomenon. These results show that the monolithic plate is much rigid compared to the 
interlocking plates. With the interlocking features, existing osteomorphic bricks show 
significantly increased capacity to resist deformation. With the two extra curved side 
surfaces, the newly proposed interlocking brick indicates better deformation resistance 
compared to the existing interlocking brick, and it also shows significant increase in 
flexibility compared to the monolithic plate, leading to a good balance of out-of-plane 
behaviour.  
0.000 0.002 0.004 0.006 0.008
0
1
2
3
4
5
6
7
8
9
 
 
C
o
n
ta
ct
 F
o
rc
e 
(k
N
)
Time (s)
 Existing interlocking brick
 New interlocking brick
 Monolithic plate
     Height of dropping mass: 0.2 m
(a)
0.000 0.002 0.004 0.006 0.008
-4
-2
0
2
4
6
8
10
 
 
D
is
p
la
ce
m
en
t 
(m
m
)
Time (s)
 Existing interlocking brick
 New interlocking brick
 Monolithic plate
Height of dropping mass: 0.2 m
(b)
 
Figure  4-21- (a) Contact force-time history between indenter and existing osteomorphic 
assembly plate, new interlocking assembly plate and monolithic plate, and (b) Displacement-
time history of the indenter for the three types of plates, when the mass drops from height of 
0.2 m. 
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Figure  4-22- Vertical displacement contours when plates are deformed at their maximum 
values for  (a) existing osteomorphic assembly plate, (b) new interlocking assembly plate, 
and (c) monolithic plate when mass drops from a height of 0.2 m. 
As shown in Figure  4-23, the monolithic plate has much higher stress concentration level at 
the impact point, and the load is uniformly distributed in the adjacent region (Figure  4-23c). 
The difference in stress distribution patterns in Figure  4-23a and Figure  4-23b shows that the 
new brick is able to distribute the load to the surrounding elements in a relatively uniform 
manner (Figure  4-23b), while the stress distribution in the existing osteomorphic bricks is 
directional, which may introduce stress concentration in certain directions and lead to local 
failure (Figure  4-23a). Figure  4-24 shows the failure patterns of the osteomorphic 
(Figure  4-24a) and the new (Figure  4-24b) interlocking bricks when the height of the 
dropping mass is 2.0 m. It shows that the existing osteomorphic bricks have much greater 
damage area under the same impact load. 
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Figure  4-23- von Mises stress distribution of deformed plates when the force reached the 
peak values: (a) existing osteomorphic brick, (b) new interlocking brick, and (c) monolithic 
plate. 
 
Figure  4-24- Typical failure patterns of (a) existing interlocking brick and (b) new 
interlocking brick when the mass dropped from an equivalent height of 2 m. 
The reaction forces in the three principles (x, y and z directions) of the three types of plates 
differ significantly during the impact, as shown in Figure  4-25. The existence of two curved 
surfaces and two flat surfaces in the existing osteomorphic brick causes uneven reactions in 
both out-of-plane (Rz-x≠Rz-y) and in-plane (Rx≠Ry) directions (Figure  4-25a). But the new 
interlocking brick shows equal reaction forces in the two in-plane directions, Rx=Ry 
(Figure  4-25b). This unique feature further shows the advantage of the new interlocking brick 
in terms of cubic symmetry behaviour. As the monolithic plate has no patterned defects, both 
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in-plane and out-of-plane reaction forces are identical in two directions (Figure  4-25c). At the 
same time, the reaction forces at the boundaries of the monolithic plate are much bigger than 
the assembly plates made of interlocking bricks. 
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 (c) 
Figure  4-25- Reaction forces in three principle directions of the plates made of (a) existing 
interlocking brick, (b) new interlocking brick, and (c) monolithic concrete (drop height: 1 m). 
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4.4. Conclusions 
In this chapter, a 3D finite element model is established to predict the dynamic responses of 
both the monolithic concrete plate and the assembly plates made of the new interlocking 
bricks under low velocity impacts. The effects of different levels of lateral confining loads 
and various levels of incident energy are investigated. Concrete is modelled using the damage 
based CSCM model (MAT 159) in LS-DYNA with the consideration of the strain rate effect 
and the erosion option. Automatic-surface-to-surface contact is defined for all potential 
contacts. The model successfully simulates the deformation, fracture and failure of the 
assembly plates and the monolithic plate. The finite element model is validated by comparing 
the numerical results with the experimental data. It is found that the numerical model can 
effectively predict the dynamic responses of both the assembly plates made of newly 
designed interlocking bricks and the monolithic plate.  
In addition, the impact behaviour of two types of assembly plates made of different 
interlocking bricks, i.e. the newly developed interlocking brick and the osteomorphic brick, 
are simulated using the validated finite element model under various levels of incident energy 
and initial confining loads. The comparative study shows that the new interlocking assembly 
plate undergoes much less deflection than the assembly plate made of the osteomorphic brick 
under the same initial conditions. Furthermore, the newly designed interlocking assembly has 
higher energy absorption capacity compared to the plate made of the existing osteomorphic 
brick, and the influence of the initial confining load on the energy absorption capacities of 
both types of assembly plates is limited. Meanwhile, it is found that the behaviour of the 
assembly plate made of the osteomorphic brick is dependent on the impacting surface, 
whereas this is not the case for the new interlocking brick. 
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MECHANICAL PERFORMANCE OF HYBRID STRUCTURES MADE OF 
TOPOLOGICAL INTERLOCKING CONCRETE BRICKS WITH SOFT 
INTERFACES 
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Chapter 5: Mechanical Performance of Hybrid Structures Made of Topological 
Interlocking Concrete Bricks with Soft Interfaces 
This chapter presents results of a series of quasi-static tests for investigating the mechanical 
responses of an assembly plate made of topological interlocking concrete bricks with rubber 
as soft interfaces. By adding rubber as a soft phase at the interfaces between the interlocking 
bricks, further improvement of mechanical properties is achieved. In this study, the 
mechanical behaviour of the hybrid interlocking plate is also compared to the interlocking 
assembly plate without soft interfaces and the monolithic plate. The results show that the 
hybrid assembly plate has a remarkable flexural compliance with less damage in the bricks. 
Also in this chapter, a 3D numerical model is established to further study the behaviour of 
such structures. The developed finite element model is demonstrated to be able to well 
capture the overall behaviour of the hybrid assembly plate.  
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5.1. Introduction 
Today the growing demand for materials with improved performance has led to the research 
on innovative material designs. Hybrid structure consisting of two or more materials is one of 
the answers to this demand [1-3], which has attributes not offered by any single material 
alone.  
An innovative way to design a hybrid material or structure is to use topological interlocking 
method. The mechanical properties of segmented structures can be improved by using 
topological interlocking elements as segments [2, 4-11]. As mentioned in the previous 
chapters, one of the aims of topological interlocking is to improve the damage tolerance of 
brittle material by pre-fragmenting structures. Due to the size effect of building blocks, 
cracks do not initiate as easily in small elements as in monolithic structures, and the 
interfaces of the elements also prevent catastrophic crack propagation [12]. So far, many 
studies have been conducted to study the mechanical properties of different types of hybrid 
materials. However, very few studies have been reported on a hybrid material or structure 
made of topological interlocking elements. Molotnikov et al. [3] presented a new way for 
designing sandwich structures, in which an assembly plate made of topologically interlocking 
bricks was used as the core of a sandwich panel. By segmenting the monolithic sandwich 
core into a number of interlocked osteomorphic bricks, a significant increase in the maximum 
deflection and energy absorption capability could be achieved [4, 12]. Djumas et al. [6] 
studied the mechanical performance of nacre-inspired structures made of topological 
interlocking hard blocks interleaved with soft layers. Their work showed that the mechanical 
performance of the composite structures was enhanced and the brittle failure of the stiff and 
brittle elements was prevented. 
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In this chapter, the principle of topological interlocking is combined with the concept of 
hybrid material design, which enables bringing out advantages of multiple materials in 
contributing to the advanced structural performance. The topological interlocking brick 
proposed in Chapter 3 is utilised to construct the assembly plate. The interfaces between the 
interlocking bricks are made of rubber. The addition of a small fraction of soft phase could 
further improve the impact behaviour of the interlocking assembly, leading to a more flexible 
structure with higher failure resistance. A series of quasi-static tests have been conducted to 
investigate the mechanical performance of hybrid interlocking assembly plate with soft 
interfaces. The results demonstrate that the hybrid structure has more flexibility and less 
damage compared to the assembly plate without soft interfaces. In addition, a 3D finite 
element model is developed to simulate the mechanical responses of the new assembly plates 
with and without rubber interfaces. The structural flexibility, energy absorption capacity and 
the tolerance to local failure of the interlocking assembly plates with and without soft 
interfaces are studied. The proposed numerical model is validated by comparing the predicted 
results with data obtained from experimental tests.  
5.2. Materials and fabrication of hybrid structure 
Concrete: In this study, the new interlocking bricks are made of concrete. The concrete mix 
design is shown in Table  5-1.  
Table  5-1- Specifications of concrete mixed design. 
Type of cement Cement (kg/m
3
) Water/cement Maximum grain size (mm) 
Portland 600 0.6 2 
The compressive strength (f’c) of the concrete is 34.8 MPa. The average concrete density is 
2,175 kg/m
3
. The tests data are listed in Table  5-2. 
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Table  5-2- The Quasi-static compression tests results. 
Loading rate=3mm/min, Cube 50×50×50 mm
3
 
Specimen 
no. 
Mass 
density 
(kg/m
3
) 
f'c 
(MPa) 
 
Specimen 
no. 
Mass density 
(kg/m
3
) 
f'c 
(MPa) 
SP 1-1 2102.9 36.39  SP 8-1 2203.7 37.64 
SP 1-2 2137.6 33.34  SP 8-2 2201.1 27.02 
SP 1-3 2125.0 30.62  SP 8-3 2180.1 28.25 
SP 2-1 2187.3 50.58  SP 9-1 2179.2 26.12 
SP 2-3 2222.9 29.60  SP 9-2 2162.5 43.61 
SP 3-1 2214.3 43.88  SP 9-3 2231.4 26.67 
SP 3-2 2150.5 32.41  SP 10-1 2139.4 41.49 
SP 3-3 2191.2 37.00  SP 10-2 2146.4 30.55 
SP 4-1 2186.2 34.04  SP 10-3 2174.1 38.82 
SP 4-2 2168.2 33.07  SP 11-1 2180.3 44.05 
SP 4-3 2159.1 38.09  SP 11-2 2201.6 30.87 
SP 5-1 2134.8 40.34  SP 11-3 2129.2 40.43 
SP 5-2 2161.8 45.94  SP 12-2 2153.1 35.64 
SP 5-3 2182.1 42.74  SP 12-3 2135.8 35.38 
SP 6-1 2192.1 45.70  SP 13-2 2141.5 20.60 
SP 6-2 2209.8 30.00  SP 13-3 2146.6 16.13 
SP 6-3 2198.7 46.68  SP 14-1 2179.7 29.89 
SP 7-1 2202.6 25.48  SP 14-2 2185.0 32.26 
SP 7-2 2178.3 34.80  SP 15-2 2220.5 33.30 
SP 7-3 2189.5 27.92  SP 15-3 2239.6 36.42 
    average: 2175.6 34.84 
 
Silicon-based rubber: A silicon-based rubber material “Polymould 10 A RTV2 Flexible” 
produced by a local company “Polymech” is used to create the soft interfaces between the 
interlocking concrete bricks. The rubber material consists of two components, silicon rubber 
and silicone catalyst. The ratio of the mixture (silicon rubber to silicon catalyst) is 100:2 by 
weight. Ten dog-bone specimens are produced (see Figure  5-1). The standard quasi-static 
tensile tests are conducted according to ASTM-D412. The averaged stress-strain relationship 
obtained from the experimental tests is shown in Figure  5-2.  
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Figure  5-1- Liquid rubber cast in a plastic mould 
 
Figure  5-2- Averaged stress-strain relationship of silicon-based rubber in tension. 
Hybrid assembly plate: In this research, a hybrid assembly plate is constructed using the new 
interlocking concrete bricks (proposed in Chapter 3) and the interfaces between the 
interlocking bricks are filled with silicon-based rubber. The interlocking bricks with size of 
50×50×25 mm
3 
are cast in a set of 3D printed mould (described in section 3.2). To fabricate 
this hybrid assembly plate, a plastic mould shown in Figure  5-3a is made by laser cutting 
method. In the assembly plate, a clearance of 3 mm is created to fill with the soft material. 
The volume fraction of the soft phase in this study is approximately 12%. As shown in 
Figure  5-3b and c, the concrete bricks are firstly placed at the specified locations, and then 
the soft rubber liquid is placed and fills in the gaps between the interlocking concrete bricks. 
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Once the rubber is dried, the rubber layer created on the surface of the bricks is removed, and 
the assembly plate is inserted into a steel frame (Figure  5-3d).  
 
Figure  5-3- (a) plastic mould, (b) interlocking bricks located in place, (c) assembly plate with 
rubber interfaces, (d) steel frame for assembly plate. 
5.3. Experimental study 
In this study, quasi-static tests are conducted to investigate the mechanical performance of 
hybrid assembly plate. The hybrid assembly plate consisting of 49 bricks, 28 half bricks and 
4 quarter bricks is tested using a 100 kN MTS machine. The contact force and the 
displacement at the loading point are measured during the tests. The assembly plate without 
rubber interface and a monolithic plate are also tested for comparison purpose. A specially 
designed steel frame made of two angles (Figure  5-3d) which has been introduced in previous 
chapters is employed to constrain the interlocking bricks. During the tests, the bolts at the 
ends of the two angles are fastened by applying different levels of torque (6 Nm and 10 Nm), 
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resulting in different lateral confining stresses on the assembly. To uniformly distribute and 
transfer the confining load at the peripheral edges of the assembly plate, 5 mm thick rubber is 
used as filler between the steel frame and the specimen. The dimension of the hybrid 
assembly plate is 424×424×25 mm
3
. The size of the assembly plate without rubber and the 
monolithic plate is 400×400×25 mm
3
. The specimen is then clamped on the supporting frame 
by 4 G-clamps. A single point load is applied at the middle of the plates at a loading rate of 
1.2 mm/min. During the tests, the displacement of the indenter and the force signals are 
collected.  
5.3.1. Results and discussion 
Figure  5-4 shows the force-displacement curves for three different cases: the assembly plate 
with soft interfaces, the assembly plate without soft interfaces and the monolithic plate. 
Different levels of torque (6 Nm and 10 Nm) are applied on the specimen frame to generate 
different lateral confining loads. 
 
Figure  5-4- Force-displacement diagrams at different levels of torque.  
As can be seen, compared to the monolithic plate, the assembly interlocking plate without 
rubber is more flexible and experiences less maximum force. Under the same initial 
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conditions, the hybrid assembly plate shows even higher flexural compliance compared to the 
other two. The maximum contact force generated in the hybrid structure is much less than the 
other examined structures, and the hybrid interlocking plate is a lot more ductile evidenced 
by the extensive displacement developed before failure. For example, when the initial 
confining torque is 6 Nm, the peak force for the hybrid assembly plate is 0.32 kN, whereas 
those for the assembly plate without rubber and the monolithic plate are 1.73 kN and 2.38 kN 
respectively. The maximum deflection of the hybrid assembly plate is 65.9 mm when the 
initial confining torque is 6 Nm, which is significantly greater than 19.6 mm and 1.52 mm for 
the assembly plate without rubber and the monolithic plate respectively. The much lower 
contact force in the hybrid assembly plate keeps the structure under a relatively low stress 
state without suffering from any damage until the failure of the structure due to large 
deformation. Figure  5-5 shows the massive deformation occurred in the hybrid assembly 
plate under quasi-static load. Brittle failure is not observed in any of the concrete bricks 
during the test. With the increase of the applied load, the centre brick is eventually pushed out 
of the hybrid assembly plate without causing any damage in the whole structure 
(Figure  5-6a). After pushing out the centre brick, the hybrid assembly plate is still able to 
maintain its structural integrity.  
 
Figure  5-5- Deformation of the hybrid assembly plate under quasi-static load (a) top surface 
and (b) bottom surface of the specimen. 
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Figure  5-6- Failures in concrete plates: (a) hybrid assembly plate, (b) assembly plate, (c) 
monolithic plate. 
In the interlocking assembly plate without rubber, a penetrated crack can be observed in the 
centre brick, which leads to a full damage of the centre brick (Figure  5-6b). Although the 
integrity of the assembly plate can also be maintained, local cracks are found in the 
protruding regions of the concavo-convex faces of the neighbouring bricks. It should be 
mentioned here that, in both interlocking assembly plates with and without rubber, the 
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propagation of cracks is limited within a single brick, which not only ensures the integrity of 
the structure, but also makes local repair possible. By contrast, in the monolithic plate, the 
cracks are formed at a very small displacement level, and propagate quickly towards the 
corners of the plate (Figure  5-6c). The cracks are developing wider and deeper, leading to the 
failure of the entire structure.  
The influence of the applied torque on the structural performance of concrete plates is also 
shown in Figure  5-4. As can be seen, higher maximum contact force and larger deflection are 
obtained in the hybrid assembly plate when the initial confining torque is increased from 6 
Nm to 10 Nm. The contact force in the hybrid assembly plate is increased by 30% from 0.318 
kN to 0.414 kN, and the maximum deflection is increased from 65.9 mm to 73 mm (11%). In 
the interlocking assembly plates without rubber, due to the lack of soft interface, the 
increasing initial confining load leads to higher contact force but less deflection. As shown in 
Figure  5-4, by increasing the initial applied torque from 6 Nm to 10 Nm, the contact force of 
the assembly plate without rubber slightly increases from 1.73 kN to 1.80 kN. The 
corresponding deflection decreases from 18.8 mm to 16.2 mm. This phenomenon is similar to 
the monolithic plate. 
As aforementioned, the flexibility of the hybrid assembly structure is much higher than the 
assembly plate without rubber. However, the energy absorbed by the assembly plate without 
rubber (the area enclosed by the force-displacement curve) is more than the energy absorbed 
by the hybrid structure. Table  5-3 summarises the amount of energy absorbed by each tested 
structure. As can be seen, the energy absorption capacity of the assembly plate without rubber 
is the highest compared to the hybrid assembly plate and the monolithic plate. Under the 
same initial condition with T=6 Nm, the energy absorbed by the monolithic plate, the hybrid 
assembly plate and the assembly plate without rubber is 0.93 J, 14.74 J and 24.86 J 
respectively. Also, the increasing initial confining load leads to the increase of the absorbed 
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energy in both hybrid structure and monolithic structure, whereas the energy absorption 
capacity of the assembly plate without rubber is reduced. 
Table  5-3- Summary of the quasi-static tests on hybrid assembly plates, assembly plates 
without rubber and monolithic plates. 
Specimen Torque 
(Nm) 
Maximum 
contact force 
(N) 
Maximum 
deflection (mm) 
Absorbed 
energy 
(J) 
Hyb-assm-1 6 0.318 65.9 14.74 
Hyb-assm-2 10 0.414 73.0 17.14 
Assm-1 6 1.73 18.8 24.86 
Assm-2 10 1.80 16.2 19.20 
Mono-1 6 2.409 1.5 0.93 
Mono-2 10 3.297 2.5 2.74 
 
5.4. Numerical modelling 
In this study, a 3D finite element model is developed in LS-DYNA for analysing the 
structural behaviours of a hybrid assembly plate made of the new interlocking bricks with 
soft interfaces and an assembly interlocking plate without rubber. Computational work is 
conducted to gain a qualitative insight into the observed experimental results, such as the 
typical crack patterns and damage distributions in the assembly plates. Also, the finite 
element simulations make it possible to investigate other parameters which are not easy to 
assess in experiments, i.e. the stress distribution in the elements.  
5.4.1. Material models 
5.4.1.1. Concrete material model 
In this study, the concrete damage model MAT72R3 in LS-DYNA is utilized for modelling 
the concrete. MAT72R3 allows automatic generation of all parameters based on the input of 
the unconfined compressive strength (f’c). In the studies conducted by Lin et al. [13, 14], it 
was shown that MAT72R3 is relatively simple and numerically robust. A comprehensive 
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model review and application can be found in reference [15]. The inputs for the concrete used 
in this study are shown in Table  5-4. 
Table  5-4- Key parameters for concrete material model MAT72R3. 
Mass 
density 
(g/mm
3
) 
Poisson’
s ratio 
A0 
Unconfined compression strength 
(MPa) 
rsize ucf 
2.1E-3 0.2 -34.84 0.003937 145 
 
In addition, a maximum principle strain of 0.15 is adopted as erosion criterion in the present 
numerical simulation.  
5.4.1.2. Rubber material model  
 In this study, the general Hyperelastic_Rubber material model MAT77 in LS-DYNA is 
adopted for the silicon based rubber. The mass density and the Poisson’s ratio are =1200 
kg/m
3 
and =0.4995 respectively. The stress versus strain curve shown in Figure  5-2 is 
captured by setting the gauge length, width and thickness to unity (SGL=SW=ST=1.0). 
5.4.2. Modelling procedures 
In this section, a 3D finite element (FE) model is developed using LS-DYNA implicit to 
simulate the hybrid assembly plate proposed in this study. Figure  5-7 shows the FE models 
established for the interlocking assembly plates with and without rubber interfaces. The 
indenter is mimicked as a spherical ball. 
In the models shown in Figure  5-7, a uniform mesh with minimum size of 2.5 mm is used for 
the bricks. The elements with size of 1.5 mm are used to discretise rubber. The indenter and 
top steel frame used in the experiments are also included in the FE models. Since no 
deformation is observed in the indenter and frames in the tests, a rigid material model 
(MAT20) is used for them. The indenter and steel frame is meshed with solid elements with 
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the minimum element sizes of 2.67 and 1.67 mm respectively. The mass density, elastic 
modulus and Poisson’s ratio of the steel are 7830 kg/m3, 200 GPa and 0.3, respectively. 
“Automatic_Surface_to_Surface” contact with friction coefficient of 0.4 is defined for all 
possible contacts between different concrete bricks, and no friction is defined between the 
indenter and bricks [10]. Due to the initial adhesion between the rubber and bricks, a high 
friction coefficient of 0.9 is defined for contacts between rubber and bricks. A quasi-static 
load is applied to the assembly plate under displacement control using 
“Boundary_Prescribed_Motion” keyword. To avoid initial penetration, the indenter is placed 
at a clearance of 1 mm above the top surface of the assembly plate. Furthermore, as 
recommended in Error! Reference source not found. for interlocking assembly plate 
ithout rubber, a clearance of 0.5 mm is created at the interface between neighbouring bricks, 
which mimics the gaps between the bricks before the assembly is laterally constrained. To 
fasten the frame, the initial axial forces of 3 kN and 5 kN (equivalent to torques of 6 Nm and 
10 Nm, respectively) are applied by defining the “Initial_Axial_Force_Beam” at the locations 
of the bolts. The out-of-plane displacement of the steel frame is restrained, while the in-plane 
displacement is allowed so that the initial preloads can be properly applied to the bolts. Type 
6 hourglass control, which assumes strain co-rotational stiffness formulation by Belytschko-
Bindeman, is used in the implicit analysis. 
Chapter 5                                                                                                                                                              115 
 
 
 
Figure  5-7- FE models for interlocking assembly plates (a) with soft interfaces, and (b) with 
pure geometrical interfaces. 
Implicit analysis 
Although explicit analysis is well suited to dynamic simulations, such as impact and crash, it 
can become prohibitively expensive to conduct long duration or static analyses [16] as the 
model is required to run over a large time span to reduce the inertial forces introduced in the 
governing equations. By contrast, implicit analysis could help save a large amount of time for 
static/quasi-static problems. In the implicit method, a global stiffness matrix is computed, 
inverted, and applied to the nodal out-of-balance force to obtain a displacement increment. 
Comprehensive explanations about the implicit analysis capability, its advantages and 
disadvantages, elements and material models available for implicit analysis can be found in 
the Appendix P of Ref. [16]. In this study, some basic control card settings suitable for 
implicit analysis are used according to Ref. [17]. Figure  5-8 shows the parameters used for 
control card setting. The input file description has been presented in Appendix A. 
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Figure  5-8- Parameters used in control card setting. 
5.4.3.  Numerical results and discussion 
Figure  5-9 shows the relationships of contact force versus indenter displacement for the two 
interlocking assembly plates under initial confining lateral load of 6 Nm. The predicted 
results for the assembly plate without rubber are compared with the test data in Figure  5-9a, 
and the comparison for the assembly plate with rubber is shown in Figure  5-9b.  
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Figure  5-9- Force-displacement curves obtained from experiments and FE models with 
confining lateral load of T1=6 Nm for (a) assembly plate without rubber and, (b) hybrid 
assembly interlocking plate 
As shown in Figure  5-9, in general, good agreements are found between the numerical 
simulations and the experimental data, especially for the case of assembly plate without 
rubber. Table  5-5 shows the results of maximum contact force, maximum displacement and 
absorbed energy in the assembly plates with and without rubber from the experiments and FE 
analysis. The results show that for the case of assembly plate without rubber, the maximum 
contact force predicted by FE model is 1.59 kN, which is very close to the experimental result 
of 1.73 kN (8% in error). Although the maximum deflection obtained from numerical 
simulation (23.5 mm) is 17% larger than the experiment (20.1 mm), the failure occurs at the 
same displacement in the FE model compared to the experiment, and the force starts to drop 
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when the displacement is about 20 mm (Figure  5-9a). The absorbed energy predicted by the 
present FE model is 27.5 J, which is also in a good agreement with the test data of 24.7 J.  
Table  5-5- The results of mechanical behaviour of assembly plates with and without rubber 
Specimen Max Force (kN) Max Displacement (mm) Absorbed energy (J) 
Assm-1 (experiment) 1.73 20.1 24.7 
Assm-1 (FEA) 1.59 23.5 27.5 
Hyb-assm-1 (experiment) 0.32 65.9 14.6 
Hyb-assm-1 (FEA) 0.47 74.8 22.5 
 
As can be seen in Table  5-5, in the case of hybrid plate, the discrepancies between numerical 
prediction and experimental test are higher. Since the performance of the hybrid assembly 
plate is sensitive to the properties of rubber. The less accurate results in the hybrid assembly 
plate (Figure  5-9b) might be due to the human-caused errors in placing the rubber interleaved 
between concrete bricks. Human error may be introduced by the inaccuracy of keeping a 
constant 3 mm distance between all neighbouring bricks in the entire assembly plate, causing 
a variation in the thickness of the rubber interfaces at some. For example, thicker layer of 
rubber may exist between the bricks in the experiments, leading to lower contact force in the 
structure. However, the present FE model can still capture the general behaviour of the hybrid 
assembly plate (Figure  5-9), and the overall trend of the force-displacement relationship 
predicted by the present FE model agrees well with the experimental test. Figure  5-10 shows 
the removal of the centre brick without any damage during the numerical analysis, which is 
consistent with the observations from experimental test. Moreover, the separation of rubber 
from the surfaces of the concrete bricks is very well predicted by the present numerical 
model.     
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Figure  5-10- Results of numerical simulation of the hybrid assembly plate at (a) top surface, 
(b) bottom surface of the plate.  
Deformation of assembly plates with and without rubber in the experiment are shown in 
Figure  5-11a and b. The out-of-plane displacements obtained from the FE models for both 
assembly plates are shown in Figure  5-11c and d, respectively. Figure  5-11e and f show that 
the centre brick in the assembly plate without rubber is damaged by the indenter, and that in 
the hybrid assembly plate is separated without any damage. Both phenomena agree very well 
with the experimental observations.  The effective plastic strain contours in Figure  5-12 
demonstrates the most possible locations that damage may occur in different assembly plates.  
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Figure  5-11- (a) Deformation of interlocking assembly plate without rubber in the 
experiment, (b) deformation of hybrid assembly plate in the experiment, (c) deformation of 
interlocking assembly plate without rubber in the FEA simulation, (d) deformation of hybrid 
assembly plate in the FEA simulation,(e) failure at the centre brick in the assembly plate 
without rubber (FEA results), (f) large displacement occurred in the centre brick in the hybrid 
assembly plate (FEA results) 
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Figure  5-12- Damage distributions of interlocking assembly plate: (a) without soft interfaces, 
(b) with soft interfaces. 
5.4.4. Conclusions 
In this study, the mechanical performance of a hybrid assembly plate made of the new 
interlocking concrete bricks and rubber interfaces is investigated under quasi-static load. It is 
shown that by combining the principle of topological interlocking with the concept of hybrid 
material design, a new hybrid assembly plate with superior mechanical properties can be 
obtained. For comparison, the structural behaviours of an interlocking assembly plate with 
purely geometrical interfaces and a monolithic plate are also studied. The results illustrate 
that the hybrid assembly plate has a remarkable flexural compliance with no damage in the 
bricks. Also, much less contact force and more deformation are obtained for the hybrid 
assembly plate compared to the assembly plate without rubber and the monolithic plate. 
Additionally, two different levels of lateral confining loads are imposed to the specimens. 
The results show that, by increasing the magnitude of the lateral confining load, the 
maximum contact forces are enhanced in all examined structures. The maximum deflection 
and absorbed energy increase in the cases of hybrid assembly plates and monolithic plates. 
Whereas the maximum deflection and absorbed energy are decreased in the assembly plate 
without rubber when the lateral confining load is increased. Also in this chapter, a 3D finite 
element model is developed to predict the mechanical performances of the interlocking 
assembly plates with and without rubber as interfaces. The finite element model is validated 
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by comparing the numerical results with the experimental data. The finite element model is 
demonstrated to be able to predict the mechanical performance of the assembly plate without 
rubber. The developed model can also well capture the overall behaviour of the hybrid 
assembly plate. The discrepancy in the predictions of maximum contact force, displacement 
and absorbed energy of the hybrid plate are probably due to the human introduced errors in 
rubber properties. The failure mode and the damage distributions of the hybrid plate are also 
predicted using the proposed finite element model, and very good agreements are achieved in 
the comparison against the test results.  
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Chapter 6: Conclusions and Future Research 
6.1. Conclusions 
Topology interlocking is an innovative method for developing new materials and structures with 
improved performance. Significant progress has been made to develop this method in the past 
decades. The principle of topological interlocking is based on segmenting a monolithic plate into 
a number of identical elements with special shapes, topologies and arrangements which could 
interlock with adjacent elements through kinematic constraint. The out-of-plane movement 
resistance distinguishes the interlocking structural components from the components made of 
traditional bricks which intrinsically do not resist any out-of-plane movement. In this study, the 
topologically interlocking materials and structures have been critically reviewed, and the concept 
of topology interlocking has been used for the design of new topologically interlocking bricks.  
In the first stage of this research, a new interlocking brick has been proposed and the formulae 
have been derived to define its geometrical characteristics. Drop weight tests have been carried 
out to study the dynamic responses of the assembly plates made of the new interlocking bricks 
under different levels of impact loads. The effect of lateral constraint has also been extensively 
investigated by applying various amounts of torques on the angles of the assembly frame. 
Monolithic concrete plates subjected to the same loading conditions have also been studied for 
comparison. The structural behaviour of the newly developed interlocking assembly plates has 
shown significant improvement compared to the monolithic plates dominated by brittle 
behaviour. Also, by increasing the magnitude of the lateral confining load, the fracture resistance 
of the assembly can be enhanced. Additionally, the most striking feature of the newly developed 
interlocking brick is the capability to prevent the propagation and spreading of cracks. As the 
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cracks can be limited within a single element, even when one brick is entirely damaged, the 
remaining bricks can still function properly, and the integrity of the structure can be maintained.  
In the second stage of this research, a 3D finite element model has been established to predict the 
dynamic responses of both monolithic concrete plate and the assembly plates made of the new 
interlocking bricks. The effects of different levels of lateral confining loads and various levels of 
incident energy have been investigated. By comparing the numerical results with the 
experimental data, the developed finite element model has been demonstrated to be able to 
successfully simulate the deformation, fracture and failure of the assembly plates and the 
monolithic plate. In addition, the impact behaviours of the assembly plates made of two different 
types of interlocking bricks, i.e. the newly developed interlocking brick and the osteomorphic 
brick, have been simulated. The new interlocking assembly plate has been found to undergo 
much less deflection than the assembly plate made of osteomorphic bricks under the same initial 
conditions. Furthermore, the newly designed interlocking assembly plate has shown higher 
energy absorption capacity compared to the plate made of osteomorphic bricks, and the influence 
of the initial confining load on the energy absorption capacities of both assembly plates has been 
found to be limited. In addition, the behaviour of the assembly plate made of osteomorphic 
bricks has been found to be dependent on the impact surface, whereas this is not the case for the 
new interlocking brick. 
Finally, the mechanical performance of a hybrid assembly plate made of the new interlocking 
concrete bricks with rubber interfaces has been investigated under quasi-static load. By 
combining the principle of topological interlocking with the concept of hybrid material design, a 
new hybrid assembly plate with superior mechanical properties has been obtained. The 
experimental tests on the hybrid assembly plate, the pure concrete assembly plate and the 
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monolithic concrete plate have been conducted. Compared to the other two plates, the hybrid 
assembly plate has shown a remarkable flexural compliance with no damage in the bricks. Much 
less contact force and more deformation have been obtained for the hybrid assembly plate. 
Additionally, two different levels of lateral confining loads have been imposed to the specimens. 
The results show that, by increasing the magnitude of the lateral confining load, the maximum 
contact forces have been enhanced in all examined structures. The maximum deflection and the 
absorbed energy increase with the increasing lateral confining load in the cases of hybrid 
assembly plates and monolithic plates, but decrease in the assembly plate without rubber. A 3D 
finite element model has also been developed to predict the mechanical performances of the 
interlocking assembly plates with and without rubber interfaces. By comparing the numerical 
results with the experimental data, the finite element model has been demonstrated to be able to 
predict the mechanical performance of the hybrid assembly plate and the assembly plate without 
rubber. The failure mode and the damage distributions of the hybrid plate have also been 
predicted using the proposed finite element model, and very good agreements have been 
achieved in the comparison against the test results.  
6.2. Future Research 
In this study, a simple approach has been proposed for designing new interlocking brick. By 
extending this approach, more tilling and pattern designs can be employed to create different 
shapes of interlocking elements with advanced mechanical performances required for different 
applications.  
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At the same time, further investigations on the failure mechanisms and the identification of the 
weakness points of the newly designed brick in this study may facilitate additional improvements 
in the geometrical topology of the interlocking brick by adjusting the geometrical parameters.  
A comprehensive study on geometrical parameters, i.e. thickness, in-plane dimensions and 
curvatures of the brick, will lead to optimised design for the topologically interlocking brick and 
would significantly expand the knowledge in the field. 
Also a parametric study on the coefficient of friction between the bricks in both cases with and 
without rubber as interfaces would provide better insight into the effect of this factor on the 
response of the interlocking assembly plate. 
The effect of thickness of the rubber as interfaces of the bricks can also be investigated in the 
parametric study. 
Investigation on the two different interlocking bricks (the existing osteomorphic brick and the 
new interlocking brick) under quasi-static loads will provide useful insights into different 
mechanical behaviours of these bricks. 
Dynamic performance of the hybrid assembly plate can be considered in the future studies. 
Furthermore, the in-plane behaviour of the assembly plates made of the topologically 
interlocking elements can be investigated in future studies, which has great potential to improve 
the seismic performance of a structure.  
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Appendix A 
Input File Description 
Figure A1-Input and Output Control Parameters 
 
 
Figure A2-  Input parameters for Concrete Damage Model Release 3 
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Figure A3- Input parameters for Rigid Material Model  
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Figure A4- Input parameters for Spotweld Material Model 
 
 
Figure A5- Input parameters for Mat Add Erosion Material Model 
 
 
 
